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SUMMARY 1	  
The goal of this research was to explore the use of light emitting 2	  
diodes (LEDs) as a novel food preservation technology. 3	  
The research began with examination of the wavelength and 4	  
temperature dependence of the LED-triggered antibacterial effect. The 5	  
antibacterial effects of 461 nm (blue), 521 nm (green) and 642 nm (red) LEDs 6	  
were evaluated on four foodborne pathogens, Escherichia coli O157:H7, 7	  
Salmonella Typhimurium, Listeria monocytogenes and Staphylococcus 8	  
aureus in tryptone soya broth (TSB) at three temperatures – 10, 15 and 20 9	  
°C. The three wavelengths were chosen with the intention of covering a wide 10	  
range in the visible region of the electromagnetic spectrum. The greatest 11	  
antibacterial effect was caused by the 461 nm LEDs, followed by the green 12	  
LEDs, which produced this effect to a lesser extent. The red LEDs were 13	  
ineffective on the bacterial cultures. The greater efficacy of blue LEDs has 14	  
also been apparent in the work of other researchers. This study could also 15	  
distinguish that temperatures of 10 and 15 °C promoted bactericidal effects, 16	  
while only a bacteriostatic effect was witnessed at 20 °C. 17	  
Further, the antibacterial effect of 461 and 521 nm LEDs was tested 18	  
on E. coli O157:H7, S. Typhimurium and L. monocytogenes at different pH 19	  
values – 4.5, 6.0, 7.3, 8.0 and 9.5. The pH played a major role in influencing 20	  
the action of the LEDs, with a shift towards an acidic pH sensitizing the Gram-21	  
positive L. monocytogenes more and an alkaline pH sensitizing the two Gram 22	  
negative strains, E. coli O157:H7 and S. Typhimurium, more. The enhanced 23	  
conditions were unable to amplify the antibacterial effect of the green LEDs. 24	  
Next, the effect of specific weak acids for adjusting the pH was 25	  
investigated on the fate of the pathogens under illumination with the 461 nm 26	  
	   	  x	  
LEDs. E. coli O157:H7, S. Typhimurium, L. monocytogenes and S. aureus 1	  
were inoculated in TSB whose pH was lowered to 4.5 using either citric, lactic 2	  
or malic acids. The varying abilities of the three acids in aiding the 3	  
photodynamic inactivation of the pathogens could be clearly differentiated. 4	  
Lactic acid was the most potent, followed by citric and malic acid. 5	  
Subsequently, the application of LEDs for the preservation of orange 6	  
juice was studied by inoculating the juice with a cocktail of Salmonella spp. 7	  
and illuminating it using 460 nm LEDs. Concurrently, the effect of irradiance 8	  
and temperature was investigated by carrying out the experiments at three 9	  
irradiances – 92.0, 147.7 and 254.7 mW/cm2, and three temperatures – 4, 12 10	  
and 20 °C. It could be deduced that a lower irradiance yielded a greater 11	  
antibacterial effect. Temperatures of 12 and 20 °C induced greater 12	  
inactivation (upto 4-5 log CFU/ml) than 4 °C (upto 3 log CFU/ml). Three 13	  
mathematical equations – linear, Weibull and Gompertz, were also compared 14	  
for modeling the inactivation kinetics and the Weibull model was judged the 15	  
most suitable one for this purpose based on its goodness-of-fit and 16	  
parsimony. 17	  
Finally, 460 nm LEDs were used to decontaminate fresh-cut 18	  
pineapples from Salmonella spp. at different irradiances (92.0, 147.7 and 19	  
254.7 mW/cm2) and temperatures (7, 16 and 25 °C). An antibacterial effect of 20	  
1-2 log CFU/ml was observed.  While the temperature had a minor effect on 21	  
the inactivation, the irradiance had none. A comparison of the linear, Weibull, 22	  
Gompertz, Huang and Baranyi growth models also revealed the Weibull 23	  
model to emerge as the best one for describing the antibacterial effect, 24	  
evidenced by its goodness-of-fit and parsimony. 25	  
Illumination with blue LEDs was thus observed to be a promising 26	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preservation method for fruit juice and fresh-cut fruit.1	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CHAPTER 1. INTRODUCTION 1	  
 2	  
1.1. The problem of foodborne infection 3	  
 Microbial food safety continues to be one of the most pressing concerns 4	  
of regulatory bodies all over the world. It is of prime concern in the 5	  
economically developed countries as well. An estimation of the impact of 6	  
foodborne infection by the Centers for Disease Control and Prevention (CDC) 7	  
in the United States (US) has revealed that one in six Americans falls sick 8	  
annually due to a foodborne disease (CDC, 2014a). The situation in the 9	  
economically developing countries, which do not have safe storage facilities, 10	  
intervention technologies and surveillance, is plausibly grimmer. 11	  
 Regular reports of foodborne outbreaks only vindicate this problem. The 12	  
outbreak of Escherichia coli O104:H4 due to contaminated bean sprouts not 13	  
only led to 50 deaths but also sparked an international controversy (CDC, 14	  
2013). Listeriosis, in a multistate outbreak in the US in the same year, killed 15	  
30 and infected 146 (CDC, 2011). Infection with Shigella sonnei took ill 150 16	  
people in India in 2010 (Nandy et al, 2011). Closer to Singapore, more than 17	  
150 students were sickened in Malaysia due to the consumption of a chicken 18	  
contaminated with Salmonella (Food Safety News, 2014). In 2010, food 19	  
compromised with bacteria also poisoned 106 students at a boarding school 20	  
in Singapore (MOH, 2010). Foodborne infection is thus a widespread and 21	  
persistent problem. 22	  
 Finer inspection of the surveillance data sheds some light on the 23	  
specifics of the problem. Bacterial pathogens are responsible for the majority 24	  
(45%) of the illnesses. Though these illnesses are caused due to a variety of 25	  
bacteria, some bacteria pose a greater problem than others. For example, 26	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Salmonella, E. coli O157 and Staphylococcus aureus are among the top 1	  
pathogens responsible for either foodborne illnesses or hospitalizations 2	  
(CDC, 2014b). Salmonella alone has been implicated as the causative agent 3	  
for 35% of the hospitalizations from contaminated foods in the U.S. in 2011. 4	  
Other pathogens such as Listeria monocytogenes are so deadly that their 5	  
scant presence too poses a serious health risk. With its high mortality rate of 6	  
nearly 20%, L. monocytogenes was among the top five pathogens causing 7	  
death from foodborne diseases (CDC, 2014b). Therefore, interventions that 8	  
are designed ought to focus on these bacterial pathogens. 9	  
 Equally important insights can be gained from attribution data. Most 10	  
(68.7%) of the foodborne illnesses due to bacterial contamination have been 11	  
traced back to raw meat and produce such as fruits-nuts and vegetables. 12	  
Specifically, meat accounts for 41.1%, vegetables for 20.7% and fruits-nuts 13	  
for 6.3% of foodborne bacterial diseases (Painter et al, 2013). This data is 14	  
proof of the sensitivity of these food categories to harbor and transmit 15	  
bacterial pathogens. Developing a technology that can be applied for the 16	  
decontamination of raw foods such as meat and fresh produce should thus be 17	  
a priority. 18	  
 Finally, a pattern can be discerned in the settings that have been 19	  
implicated as the source of outbreaks. Analysis of foodborne outbreaks in the 20	  
United States from 1998-2008 revealed that nearly half of the bacterial 21	  
foodborne illnesses for whom the source could be identified, originated from 22	  
contamination in a restaurant, deli or at home (Gould et al, 2013). There is 23	  
thus a need for a preservation method that can ensure bacterial 24	  
decontamination in food service establishments or in domestic settings. 25	  
 26	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1.2. Need for an alternative preservation technology 1	  
 Currently, the most popular method for preserving raw food is 2	  
refrigeration. Refrigeration preserves food by lowering the metabolic activity 3	  
of the bacteria (Price and Sowers, 2004), thus delaying the onset of microbial 4	  
spoilage. It is important to note that refrigeration does not inactivate 5	  
microorganisms but simply inhibits or retards their growth. Critically, this 6	  
implies that pathogens like Listeria monocytogenes and Yersinia 7	  
enterocolitica, which are psychrotrophs, can grow at low temperatures 8	  
(Walker et al, 1990; Andersen et al, 1991). The persistence of pathogens 9	  
during refrigeration thus poses a grave danger to public health. It is necessary 10	  
to develop another hurdle for raw foods, which will effectively eliminate or 11	  
reduce microbial contamination without compromising the quality of the foods 12	  
and public health. Refrigeration is also an energy intensive process. It is a 13	  
well-known fact that the energy required for cooling a material is more than 14	  
the energy required to heat it. On the environmental front, the use of a 15	  
domestic refrigerator releases 100 kg CO2 per year, contributing significantly 16	  
to greenhouse gas emissions and global warming (Carbon Footprint, 2015). 17	  
In today’s environmentally conscious food industry (Sellahewa and 18	  
Martindale, 2010), preservation technologies must also strive to be 19	  
environmentally friendly. Lastly, refrigerators tend to be bulky units, whose 20	  
portability is very limited. This means that it is not possible to employ 21	  
refrigeration as a food preservation technique in many settings, especially 22	  
those that are space-constrained. 23	  
 24	  
1.3. Antibacterial potency of visible light 25	  
 The ability of visible light to kill living cells has been known to man for 26	  
	   	  10	  
centuries. The earliest recorded use of light and a photosensitizer can be 1	  
traced back to the Indian Holy Scripture ‘Atharva Veda’ (Wyss, 2000), as well 2	  
as the famous Egyptian text, ‘Ebers Papyrus’ (El Mofty, 1968), where it was 3	  
used to cure skin ailments. However, it is only in the past few decades, when 4	  
selectivity in cancer treatments and multidrug resistance have been problems, 5	  
that the anticellular properties of visible light have been given due importance 6	  
again.  7	  
The term ‘Photodynamic Therapy’ (PDT) was coined by the German scientist 8	  
von Tappeiner in 1904, who, after conducting a series of experiments with his 9	  
student Oscar Raab, discovered a light dependent toxic effect of certain dyes 10	  
on cultures of paramecia (Abels and Goetz, 1996).  The two later went on to 11	  
establish that oxygen was necessary for such inactivation. Developments in 12	  
other disciplines also contributed to the re-emergence of PDT.  For example, 13	  
progress in organic synthesis provided the first major breakthrough in modern 14	  
PDT. S. Schwartz, a German scientist, was able to synthesize a class of 15	  
compounds called haematoporphyrin derivatives by processing 16	  
haematoporphyrin with sulphuric and acetic acids in 1960 (Lipson et al, 17	  
1961). Later, it was to be the developments in optics and electronics which 18	  
revolutionized PDT. The advent of lasers equipped with optical fibres enabled 19	  
therapists to deliver the light precisely to the site of the tumour and regulate 20	  
the light dose (Dougherty et al, 1978). Today, PDT is used for treating cancer 21	  
and many other diseases in various countries all over the world, including the 22	  
U.S.A., China, the U.K., Germany and the Netherlands. 23	  
 Visible light brings about bacterial inactivation due to its ability to exert a 24	  
photodynamic effect on the bacterial cell. Inside the bacterial cell, some 25	  
photosensitizers known as porphyrins have the ability to absorb light at 26	  
	   	  11	  
specific wavelengths (Berg, 2001). On the absorption of this light, they get 1	  
excited to a higher energy state. Subsequently, during their return to the 2	  
ground state, they collide with molecules or compounds of oxygen, transfer a 3	  
part of their energy to them and convert them into reactive oxygen species 4	  
(ROS). Figure 1.1 - the Jablonski diagram, elucidates the process of 5	  
production of ROS in bacterial cells following absorption of light by the 6	  
photosensitizers.  7	  
 8	  
 9	  
Fig. 1.1. The Jablonski diagram explaining the energy transitions involved in 10	  
the production of ROS upon absorption of light by photosensitizers (Luksiene, 11	  
2003). 12	  
 13	  
 The ROS generated as a result of photosensitization include singlet 14	  
oxygen, hydrogen peroxide and the superoxide anion (Jori and Coppellotti, 15	  
2007). The ROS, being strongly nucleophilic in nature, are highly reactive and 16	  
convert cellular constituents such as lipids, proteins and DNA to their oxidized 17	  
residues. This compromises the functionality of the cell and leads to cell 18	  
death (Luksiene, 2009). The details of the chemical reactions that ensure 19	  
following the generation of ROS can be elucidated as follows: 20	  
Reactive Patterns: Singlet oxygen (1O2) is electrophilic in nature, with an 21	  
	   	  12	  
excitation energy of 23.4 kcal/mol and a half life ranging from 4 µs in H2O to 1	  
over 600 µs in C6D6, which is long enough to undergo many biochemical 2	  
reactions (Weldon et al, 1999). In general, it can undergo an ‘ene-reaction’, 3	  
where it can add across the C of a double bond to yield enones (Harding and 4	  
Goddard, 1980), the Diels-Alder 1, 4 type addition to produce an enedione or 5	  
an endoperoxide depending on the starting molecule, can add across 6	  
activated double bonds to produce diketones and can also undergo a simple 7	  
electron transfer to produce the superoxide anion. In a biological system, its 8	  
typical targets are unsaturated lipids, proteins with double bonds or thiol 9	  
groups and nuclear bases with a low redox potential.  10	  
Reactions with Lipids: 1O2 reacts with unsaturated lipids via an ‘ene’ addition 11	  
reaction to yield the respective lipid hydroperoxides. In contrast to oxidation 12	  
by oxidant radicals, where the double bonds are formed in a conjugated 13	  
fashion, no conjugation is observed in the products obtained with 1O28. These 14	  
hydroperoxides, in the presence of a biological reducing agent, such as the 15	  
ferrous ion, can further undergo free radical chain reactions. The reaction of 16	  
cholesterol with 1O2 results in a variety of products, with 5α-17	  
cholesterolhydroperoxide being the most abundant among them. Again, the 18	  
oxidation products are quite different from those with oxidant radicals, where 19	  
the hydroperoxide (and later alcohol) are formed at the 7-position instead of 5 20	  
& 6 (Korytowski and Girrotti, 1999; Girrotti, 1998).  Moreover, these products 21	  
can isomerize amongst themselves. 5α-cholesterol hydroperoxide can 22	  
undergo an allylic rearrangement to yield 7α-cholesterolhydroperoxide, while 23	  
7α-cholesterolhydroperoxide itself can undergo epimerization to form 7β-24	  
cholesterolhydroperoxide (Kulig and Smith, 1973; Korytowski et al, 1993; 25	  
Korytowski et al, 1991; Smith et al, 1973). 26	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Reactions with Proteins: Among the proteins, cysteine is oxidized by 1O2 to 1	  
give cysteine disulfide at high sulfhydryl concentrations and cysteine sulfonic 2	  
acid at low sulfhydryl concentrations (Beuttner and Hall, 1987). The overall 3	  
observed rate constant for this reaction is 8.9 x 106 M-1s-1. The oxidation of 4	  
methionine by 1O2 results in the formation of methionine sulfoxide which is 5	  
further oxidized to methionine sulfone. This reaction happens to be the only 6	  
ROS mediated modification of proteins that can be directly reversed (by the 7	  
use of enzymes) (Stadtmann and Barlett, 1997). Tryptophan is a powerful 8	  
singlet oxygen scavenger and the oxidation of tryptophan by 1O2 results in the 9	  
cleavage of the indole ring (Maskos et al, 1992). The oxidation of tyrosine by 10	  
1O2 results in the production of the superoxide anion and the phenoxyl radical 11	  
form of tyrosine, which further undergoes dimerization. Histidine quenches 12	  
1O2 physically as well as chemically, with the majority (75%) of the quenching 13	  
being chemical in nature. Histidine is oxidized by 1O2 to yield a mixture of 14	  
products, which includes amides (Jin et al, 1992).  15	  
Reactions with Nuclear Bases: Guanosine is a target for 1O2 because of its 16	  
low redox potential. Oxidation of guanosine by 1O2 takes place at C-8. The 17	  
reaction product, 8-OHdG, is 100 times more reactive with 1O2 than 18	  
guanosine itself, and further undergoes oxidation by 1O2 to yield a final 19	  
product 4-OH-8-oxo-dG (Yamamoto et al, 1987; Devasagyam et al, 1991). 20	  
All the above reactions are cytotoxic in nature and eventually lead to cell 21	  
death (Luksiene, 2009). It is worth noting that more damage is caused by 22	  
singlet oxygen to the lipid dominated cell membrane as compared to the 23	  
cytoplasm, which contains more water. The reason for this lies in the 24	  
significantly higher lifetime of singlet oxygen in hydrophobic solvents as 25	  
compared to hydrophilic solvents (Jori et al, 1984).      26	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1.4 Light emitting diodes as an antibacterial modality 1	  
 A light emitting diode (LED) is a semiconductor device that emits visible 2	  
light when an electric current passes through it. LEDs can emit light within a 3	  
very narrow wavelength spectrum, which can be considered practically to be 4	  
of a monochromatic wavelength (Held, 2009). In contrast, traditional visible 5	  
light sources are not able to produce monochromatic wavelengths. LEDs also 6	  
have several other advantages over traditional visible light sources such as 7	  
lower energy consumption and high durability (USDE, 2006). The size of the 8	  
LED is generally very small making it flexible to fit most designs. It can thus 9	  
be easily implemented into existing systems. LEDs also do not require special 10	  
disposal methods at the end of their use (Hamamoto et al, 2007; Mori et al, 11	  
2007) and have thus a minimal environmental impact. 12	  
 Initially, the application of LEDs as an antibacterial device was reported 13	  
with the deployment of ultraviolet (UV) wavelengths for bacterial eradication. 14	  
An example of such use is the work of Mori et al (2007) who developed a 15	  
water sterilization device using 365 nm LEDs. This device achieved the 16	  
eradication of a variety of pathogens, including enteropathogenic E. coli, 17	  
Vibrio parahaemolyticus, S. aureus and Salmonella Enteritidis. However, the 18	  
use of ultraviolet wavelengths is accompanied by a fair share of safety 19	  
concerns, given the carcinogenic effect of UV light on human epithelial cells. 20	  
The cost of UV LEDs is also substantially higher than that of visible ones. 21	  
 Recently, there has been evidence to suggest that LEDs of visible can be 22	  
used against foodborne pathogens. This has been a blessing, as there has 23	  
been hope of achieving bactericidal effects without the risks and costs 24	  
associated with using UV LEDs. Visible LEDs have been used in the field of 25	  
medicine as a novel clinical intervention against bacterial infection and 26	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contamination. The research by Maclean et al (2010) is illustrative of this 1	  
application. Using an array of 405 nm LEDs, which they referred to as ‘high 2	  
intensity narrow spectrum environmental decontamination system’, their team 3	  
set out to decontaminate clinical environments such as the vascular ward, the 4	  
burns unit and the intensive care unit. The system, mounted on ceilings, 5	  
brought about bacterial reductions that were dependent on whether the room 6	  
was occupied by a burns patient affected by methicillin resistant 7	  
Staphylococcus aureus.  The unoccupied rooms witnessed a 90% reduction 8	  
in the bacterial concentration on frequently touched surfaces while the 9	  
occupied ones saw reductions ranging from 56-86%. This study though 10	  
focused only on S. aureus, with the pathogen as well as its methicillin 11	  
resistant version among the prime bacteria inactivated. It did not strive to 12	  
identify the other pathogens that might have been killed by the LED light.  13	  
 Two studies conducted by Guffey and Wilborn (2006a; 2006b) also 14	  
provided evidence of the bactericidal potential of LEDs in medical 15	  
applications. The first study tested the capability of special types of LEDs 16	  
called super-luminous diodes (SLDs) against Pseudomonas aeruginosa and 17	  
Staphylococcus aureus, two pathogens frequently isolated from skin 18	  
infections and wounds. SLDs of two wavelengths – 405 and 470 nm were 19	  
used. It could be clearly discerned that the 405 nm SLD was more lethal than 20	  
its 470 nm counterpart against the pathogens. P. aeruginosa and S. aureus 21	  
were inhibited by 95 and 90% respectively, using the 405 nm LED with a 22	  
dosage of 15 J/cm2. Interestingly, another pathogen used in this study, the 23	  
facultatively anaerobic Propionibacterium acnes remained unaffected by 24	  
either wavelength, hinting that there might be other unaccounted factors that 25	  
influence photodynamic inactivation. A major limitation of this study was that 26	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only a narrow wavelength range (the blue region) was tested. In the second 1	  
study, the researchers used a combination of 405 nm and 880 nm on the 2	  
pathogens. They noticed that the inactivation of both the pathogens was 3	  
dose-dependent, with P. aeruginosa diminished by 93.8% and S. aureus by 4	  
72%. However, this work failed to elucidate the role of each wavelength 5	  
towards the bactericidal effect. While the researchers admitted that the 6	  
efficacy of the 405 nm LED was likely offset by the 880-nm LED, questions 7	  
over the magnitude of this offset remained unanswered. Doubts thus 8	  
persisted after this study over wavelength-dependence of the antibacterial 9	  
effect in the visible region. 10	  
 In 2009, Maclean et al studied the inactivation of diverse bacterial 11	  
pathogens in response to illumination with 405 nm LEDs. Their paper 12	  
established the efficacy of LEDs against nine bacterial pathogens, four of 13	  
which were Gram-positive and five Gram-negative. This study offered some 14	  
encouragement for food microbiologists, as the pathogens inactivated 15	  
included E. coli and S. aureus. However, most of the bacterial pathogens 16	  
selected for this study were those associated with hospital-borne infections. 17	  
Thus, the results of this research, though commendable, had limited 18	  
applications for food safety. 19	  
 A study that had more implications for food safety was performed by 20	  
Murdoch et al (2010), who proved the ability of 405 nm LEDs to inactivate 21	  
Campylobacter jejuni, one of the most common causative agents of 22	  
foodborne illness. A dose of 18 J/cm2 was witnessed to have brought about a 23	  
reduction of 5 log CFU/ml. Additionally, this work also tested the effect of 24	  
LEDs against E. coli O157:H7 and S. Enteritidis and observed a stark 25	  
difference in the death curves of the three pathogens. Evidence suggested 26	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that C. jejuni was especially susceptible. However, the authors were unable to 1	  
quantify this difference properly. They used the total reduction after the final 2	  
dosage as a tool for comparing the differing sensitivities, a method which 3	  
does not account for the intermediate kinetics of the process. There is thus a 4	  
need to mathematically model the inactivation kinetics of photodynamic 5	  
inactivation by LEDs. 6	  
 7	  
1.4 Current state of research 8	  
 To date, LEDs are yet to find an application in the food industry. They 9	  
have though been applied in disciplines associated with the food industry. 10	  
Examples of such implementations can be found in agriculture (GE Lighting), 11	  
animal husbandry (LEDs Magazine, 2014) and medicine (Yano, 2011). 12	  
However, these applications are not necessarily related to the antibacterial 13	  
potential of LEDs. For example, LEDs have been used to provide artificial, 14	  
optimized lighting for crop growth in an all-indoor farm in Japan. This facility, 15	  
started by Mirai, Inc., could produce 10,000 heads of lettuce on a daily basis 16	  
(GE Lighting). Similarly, many livestock farmers have put LEDs to use to 17	  
boost poultry production. By taking into account the spectral requirements of 18	  
diverse livestock such as poultry, swine, dairy cattle and fish, the livestock 19	  
farmers could use appropriate LEDs to reduce the stress on the livestock and 20	  
also to regulate their circadian rhythm (LEDs Magazine, 2014). 21	  
 In the last few years, some researchers have sought to exploit the 22	  
photodynamic ability of LEDs to address microbial contamination issues 23	  
pertaining to food. However, these studies, as discussed below, have 24	  
resorted to the use of exogenous photosensitisers to achieve their goals.  25	  
 In 2010, Buchovec et al attempted to inactivate L. monocytogenes using 26	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an LED-based light source whose peak wavelength was 400 nm. To this end, 1	  
they incubated the bacterial cells with 5-aminolevulinic acid (ALA), a 2	  
precursor to porphyrins, for up to 2 h prior to illumination. The illumination 3	  
brought about 4 log CFU/ml reduction in vitro. The study further went on to 4	  
evaluate the effect of the LEDs on L. monocytogenes biofilms in solutions and 5	  
on the surface of polyolefine, a food-grade packaging material. Both the 6	  
resultant biofilms suffered reductions greater than 3 log CFU/ml. However, 7	  
the results of this research needed to be viewed with a hint of caution, not just 8	  
because of the use of ALA, but also because the suspension medium used 9	  
for the L. monocytogenes cells was phosphate-buffered saline, a medium that 10	  
could have only supported the survival of the bacteria for a limited time and 11	  
not their growth. 12	  
 LED-based photosensitization has also been applied for the 13	  
decontamination of food, as demonstrated by the work of Luksiene and 14	  
Paskeviciute (2011a), who used it for the preservation of strawberries. The 15	  
surface of the strawberries was artificially contaminated with L. 16	  
monocytogenes, which was later inactivated with the help of a 400 nm LED of 17	  
intensity 12 mW/cm2. It was observed that 98% of the Listeria, 86% of the 18	  
yeasts and 97% of the mesophiles were eradicated by the treatment in 30 19	  
min. Additionally, other quality parameters of the strawberries were retained. 20	  
Consequently, the shelf life of the strawberries was prolonged by 2 days. 21	  
However, the success of this treatment was incumbent on the soaking of the 22	  
inoculated strawberries in a solution of 1 mmol/l sodium chlorophyllin (Na-23	  
Chl), a photosensitiser. This study also did very little to shed light on the 24	  
kinetics of the Listeria inactivation, as only the final log reductions were 25	  
reported after photosensitization. The contribution of other stresses such as 26	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the acidity of the berries on the fate of the cells under LED light also remained 1	  
unanswered. 2	  
 Another study sought to eliminate the spore forming pathogen Bacillus 3	  
cereus both in vitro and from the surface of a food-grade packaging material 4	  
(Luksiene et al, 2010). This work not only illustrated the efficacy of the LED 5	  
treatment against bacterial spores, but also the relatively greater resistance of 6	  
the spores against the LED treatment compared to the parent cells. By using 7	  
20 mW/cm2 LEDs of peak wavelengths of 400 nm, 7 log reductions of the 8	  
pathogen could be achieved after incubation with an Na-Chl photosensitiser. 9	  
The Bacillus spores proved to be much more resistant, with reductions 10	  
greater than 4 log witnessed only when a ten-fold higher concentration of the 11	  
photosensitiser was used. The authors of this research were also successful 12	  
in reducing more than 99.99% of the B. cereus on polyolefin, a number far 13	  
superior to that achieved by conventional sanitization treatments. 14	  
Nevertheless, this result too, would not have been possible without the use of 15	  
an additive – Na-Chl. 16	  
 Today, the food industry finds itself in a situation where the consumer 17	  
does not look upon the use of additives favorably. Hence, this study 18	  
endeavored to achieve bacterial decontamination without the use of any 19	  
additive, specifically, an exogenous photosensitiser or a precursor. It makes 20	  
an effort to inactivate bacteria using their own endogenous porphyrins. A 21	  
study of this nature, which focused on food applications, was the first of its 22	  
kind. 23	  
 24	  
1.5 Objectives of the proposed study 25	  
 Given the problem evaluated and the opportunity described, this study 26	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had two broad objectives: 1	  
a. To study the influence of different factors that could affect the 2	  
photodynamic inactivation of foodborne pathogens using visible blue 3	  
LEDs. These factors included temperature, pH, organic acids and 4	  
irradiance. 5	  
b. To apply the blue LED technology for the decontamination of food products 6	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CHAPTER 2. WAVELENGTH AND TEMPERATURE DEPENDENCE OF THE 1	  
PHOTODYNAMIC INACTIVATION OF FOODBORNE PATHOGENS BY 2	  
LEDs 3	  
 4	  
2.1. Introduction 5	  
 Temperature is one of the most critical factors affecting bacterial survival 6	  
and growth (Price and Sowers, 2004). Quite expectedly, temperature governs 7	  
the efficacy of intervention technologies against bacteria. For example, the 8	  
susceptibility of staphylococcal biofilms to a variety of antimicrobials was 9	  
significantly enhanced with an increase in the ambient temperature (Hajdu et 10	  
al, 2010). Saliani et al (2015) also observed a temperature dependence of the 11	  
antibacterial activity of zinc oxide nanoparticles on E. coli O157:H7 and S. 12	  
aureus. It has been proven that the temperature also influences the 13	  
antibacterial effect of shrimp chitosan against E. coli (Guo-Jane et al, 2002). 14	  
Additionally, the impact of storage temperature on the shelf life of foods is 15	  
well established (University of Nebraska-Lincoln, 2015). ). Hence, as outlined 16	  
in the thesis objectives, it is important to investigate the effect that 17	  
temperature has on the photodynamic inactivation of foodborne pathogens. 18	  
Although it is known that photodynamic inactivation is a wavelength-19	  
specific phenomenon, little information is available on the relative antibacterial 20	  
effects of different wavelengths in the visible region of the electromagnetic 21	  
spectrum. Research so far has focused on using 405 nm LEDs to inactivate 22	  
bacterial pathogens (Guffey and Wilborn, 2006a; Luksiene, 2005; Maclean et 23	  
al, 2009). Thus, the objective of this study was to determine if wavelengths 24	  
beyond the 405 nm region, such as 461, 521 and 642 nm have an 25	  
antibacterial effect on four common foodborne pathogens, E. coli O157:H7, L. 26	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monocytogenes, S. Typhimurium and S. aureus. LEDs of these wavelengths 1	  
were chosen as they are safer, cheaper, more easily available and cover a 2	  
wide range of the visible electromagnetic spectrum. To see if temperature 3	  
affected the inactivation of pathogens by LEDs, three different temperatures 4	  
were tested during the LED illumination. Testing the effect of temperature on 5	  
the inactivation would provide insights on the potential for using chilling in 6	  
combination with LEDs as a novel technology for food preservation. The 7	  
sublethal injury of the surviving cells after the LED illumination was also 8	  
evaluated in this study.    9	  
 10	  
2.2. Materials and Methods 11	  
2.2.1. Bacterial cultures 12	  
 The bacterial strains used in this study were Escherichia coli O157:H7 13	  
(EDL 933), Salmonella Typhimurium (ATCC 14028), Listeria monocytogenes 14	  
(ATCC BAA-679) and Staphylococcus aureus (ATCC 6538). E. coli O157:H7 15	  
was obtained from Dr. Henry Mok at the Department of Biological Sciences at 16	  
the National University of Singapore. Other bacterial strains were purchased 17	  
from the American Type Culture Collection (ATCC; Manassas, Virginia, USA). 18	  
To obtain working cultures from the frozen stock, vials were thawed at room 19	  
temperature, and a 0.1-ml portion of the thawed culture was transferred into a 20	  
test tube containing 10 ml of sterile tryptic soy broth (TSB; Oxoid, 21	  
Basingstoke, UK). This was followed by incubation at 37 °C under static 22	  
conditions for 24 h. Two consecutive 24-h transfers were made before the 23	  
culture was used for further experiments. Subculturing was performed on a 24	  
daily basis to maintain cell viability prior to use. 25	  
 26	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2.2.2. Characterisation of the LEDs   1	  
High intensity LEDs (10 W) of three different colours (blue, green and 2	  
red) were purchased from a local lighting shop specializing in LEDs (Angel 3	  
LED Lighting, Singapore). Emission spectra were measured using the Oriel 4	  
spectrometer, MS275 and Oriel enhanced UV photodiode (Oriel Instruments, 5	  
Connecticut, USA). The irradiance of each LED was measured using the 6	  
Thorlabs laser power and an energy meter console (PM100D) attached with a 7	  
photodiode power sensor (S130C) (Newton, New Jersey, USA). The 8	  
irradiance measurement equipment was used in order to determine the light 9	  
intensity to which the bacterial suspension was being subjected during the 10	  
exposure period. The dosage received by each bacterial sample was then 11	  
calculated using the equation (Maclean et al, 2009): 12	  
E = Pt 13	  
where E = Dose (energy density) in J/cm2, P = Irradiance (power density) 14	  
in W/cm2, t = time in sec. 15	  
  16	  
2.2.3. The LED illumination system 17	  
In order to protect each LED from the chance of an excessive current, a 18	  
resistance of 5 Ω was used in the circuit, achieved by connecting two 10 Ω 19	  
resistors in parallel with each other. The LED was thermally glued onto a heat 20	  
sink with a cooling fan to dissipate the heat generated. Each LED system was 21	  
set up in an acrylonitrile butadiene styrene (ABS) housing for the illumination 22	  
to prevent the entry of external light. A 10-ml aliquot of the bacterial 23	  
suspension (1.2 cm depth) in a sterile glass petri dish (60 mm diameter) was 24	  
placed directly below the LED system at a distance of 4.5 cm from it (Fig. 25	  
2.1).   26	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 1	  
 2	  
Fig. 2.1. The cross sectional diagram of the LED illumination system. 3	  
 4	  
The temperature of the bacterial suspension during the illumination was 5	  
monitored at one-minute intervals using the Fluke 54 thermocouple 6	  
thermometer (Everett, Washington, USA) dipped in the bacterial suspension.  7	  
 8	  
2.2.4. Bacterial inactivation by LED illumination  9	  
The bacterial cultures were serially diluted to an initial population of 10	  
approximately 106 CFU/ml using 0.1% peptone water, with the final transfer 11	  
taking place in TSB. Ten ml of the bacterial suspension in a glass petri dish 12	  
was placed in the LED housing chamber as described above. The entire 13	  
assembly was placed inside a temperature controlled incubator to ensure that 14	  
the sample was exposed to a constant temperature during the LED 15	  
illumination. The glass door of the incubator was covered using black paper 16	  
10	  W	  LED	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throughout the experiment to minimise the effect of environmental light (eg: 1	  
sunlight and domestic light). Aliquots of 0.1 ml were withdrawn every 1.5 h 2	  
until 7.5 h, serially diluted with 0.1% peptone water and pour plated onto 3	  
tryptic soy agar (TSA; Oxoid). Plates were incubated at 37 °C for 24-48 h, 4	  
followed by manual counting of the colonies. The populations of the bacterial 5	  
cells were then expressed in log CFU/ml. The detection limit yielded by this 6	  
method was 1 log CFU/ml. 7	  
 8	  
2.2.5. Sublethal injury testing 9	  
For the sublethal injury test, the aliquot withdrawn from the petri dish at 10	  
each interval was also plated onto TSA supplemented with sodium chloride 11	  
(NaCl), after appropriate dilution. After incubation for 24 - 48 h at 37 °C, the 12	  
colonies were enumerated and the sublethal injury was calculated using the 13	  




The concentration of NaCl to be used for each strain was determined as 18	  
the maximum concentration that did not affect the growth of healthy untreated 19	  
cells (Ukuku et al, 2008). 20	  
 21	  
2.2.6. Statistical analysis 22	  
The decimal reduction times (D-values) were determined by plotting the 23	  
log10 number of survivors against time for each bacterium at 461 nm at 10 24	  
and 15 °C. The survivor plots and the linear regression for calculating the D-25	  
values were done using Microsoft Excel (Microsoft Corp. Redmond, 26	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Washington, USA). The mean values were obtained from three independent 1	  
trials with duplicate plating for each trial (n=6). Data were expressed by mean 2	  
± standard deviation. Significant differences in the mean D values for the 3	  
different pathogens were calculated at the 95% confidence interval (α = 0.05) 4	  
using one-way analysis of variance (ANOVA) with the IBM SPSS statistical 5	  
software (version 17.0; SPSS Inc., IBM Corporation, Armonk, New York, 6	  
USA). The variation of the D-values with temperature was calculated using a 7	  
two tailed independent samples paired Student’s t-test at a confidence 8	  
interval of 95% with the IBM SPSS statistical software.  9	  
 10	  
2.3. Results  11	  
2.3.1. Characterisation of the LEDs 12	  
The three LEDs - blue, green and red, were found to have intensity peaks at 13	  
461, 521 and 642 nm respectively (Fig. 2.2). 14	  
 15	  
Fig. 2.2. Emission spectra of the three LEDs. 16	  
 17	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based on the irradiance measured after each time interval during the 1	  
illumination (Table 2.1).  After 7.5-h illumination by the 461, 521 and 642 nm 2	  
LEDs, the dosages received by the bacterial suspension were 596.7, 431.2, 3	  
and 688.0 J/cm2 respectively, reflecting the fact that the red coloured LED 4	  
had a higher intensity than the other two. 5	  
 6	  
Table 2.1. Characterisation of the light emitting diodes (LED). 7	  




Dosage after 7.5 h 
(J/cm2) 
461 22.1 596.7 
521 16.0 431.2 
642 25.4 688.0 
a The irradiance was measured at a distance of 4.5 cm from the LED. 8	  
 9	  
2.3.2. Temperature profile 10	  
Figure 2.3 shows an example of a typical temperature profile of the 11	  
bacterial suspension exposed to the LED illumination. The 642 nm LEDs 12	  
resulted in an average temperature increase of 6 - 7 °C from the incubator 13	  
temperature of 15 °C, while the 461 and 521 nm LEDs elevated the 14	  
temperature of the bacterial suspension by 2 - 3 °C and 4 - 5 °C (data not 15	  
shown), respectively, indicating that the temperature elevations were 16	  
dependent on the intensity of the LEDs. For this reason, the untreated 17	  
controls were tested at 5 °C above the set temperature. It could also be 18	  
discerned that all the temperature profiles obtained showed peaks at intervals 19	  
of 1.5 h, because the sampling action led to a temporary increase in the 20	  
temperature inside the incubator. 21	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 1	  
 2	  
Fig. 2.3. Temperature profiles of the incubator and the bacterial sample under 3	  
the 642 nm LED recorded during illumination at a set temperature of 15 °C. 4	  
 5	  
 6	  
2.3.3. Bacterial inactivation by LED illumination 7	  
 Irrespective of the bacterial strains used, certain quantitative changes 8	  
in the populations were observed for each wavelength at a set temperature of 9	  
20 °C (Fig. 2.4). The bacterial populations significantly increased (P < 0.05) 10	  
by approximately 1.5 to 2.0 log CFU/ml when the red LED (642 nm) was used 11	  
for illumination, showing a pattern similar to that of the untreated control cells. 12	  
Illumination with the green LED (521 nm) resulted in an increase of 1.0 to 1.5 13	  
log CFU/ml after 7.5 h, while the blue LED (461 nm) inhibited bacterial growth 14	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Fig. 2.4. Behaviour of E. coli O157:H7 (a), S. Typhimurium (b), L. 5	  
monocytogenes (c) and S. aureus (d) during the illumination with 461, 521 6	  
and 642 nm LEDs at 20 °C. The error bars indicate the standard deviation at 7	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Unlike at 20 °C, bacterial inactivation was observed at a set temperature 1	  
of 15 °C during the illumination with 461 and 521 nm LEDs (Fig. 2.5). Under 2	  
the illumination of 461 nm LEDs, the populations of E. coli O157:H7, S. 3	  
Typhimurium, L. monocytogenes and S. aureus decreased by 4.9, 5.0, 4.3 4	  
and 5.2 log CFU/ml after 7.5 h, respectively. Illumination with the 521 nm LED 5	  
also resulted in a significant reduction (P < 0.05) in the bacterial population, 6	  
but to a lower degree. S. Typhimurium and S. aureus suffered population 7	  
reductions of 1.7 log CFU/ml, while the reduction in the populations of E. coli 8	  
O157:H7 and L. monocytogenes were 1.0 and 0.9 log CFU/ml, respectively. 9	  
With 642 nm, the initial population of all the four pathogens did not change 10	  
over the period of illumination. 11	  
Considerable bacterial inactivation was observed at 10 °C during the 12	  
illumination with 461 and 521 nm LEDs for 7.5 h (Fig. 2.6). At this 13	  
temperature, the populations of E. coli O157:H7, S. Typhimurium, L. 14	  
monocytogenes and S. aureus decreased by 5.1, 4.6, 5.2 and 4.7 log 15	  
CFU/ml, respectively, over 7.5 h during the illumination with 461 nm LED. The 16	  
reductions in the bacterial populations were 1.8, 1.7, 1.5 and 1.5 log CFU/ml 17	  
for E. coli O157:H7, S. Typhimurium, L. monocytogenes and S. aureus, 18	  
respectively, when the 521 nm LED was illuminated. No significant (P > 0.05) 19	  
change in the bacterial populations was observed during the illumination with 20	  
642 nm LED for 7.5 h, with a similar pattern shown to that of the controls. 21	  
 22	  
 23	  





Fig. 2.5. Behaviour of E. coli O157:H7 (a), S. Typhimurium (b), L. 5	  
monocytogenes (c) and S. aureus (d) during the illumination with 461, 521 6	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Fig. 2.6. Behaviour of E. coli O157:H7 (a), S. Typhimurium (b), L. 5	  
monocytogenes (c) and S. aureus (d) during the illumination with 461, 521 6	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D-values were calculated based on the linear portion of the inactivation 1	  
curves observed at 10 and 15 °C during the illumination with the 461 nm LED 2	  
to see if there was a difference in the inactivation among the bacterial strains 3	  
and between the two temperatures (Table 2.2). 4	  
Table 2.2. Comparison of the decimal reduction times (D-values)a in hours of 5	  
the four foodborne pathogens using 461 nm at set temperatures of 10 and 15 6	  
oC. 7	  
Bacterial strain 10 °C 15 °C 
E. coli O157:H7 1.42 ± 0.07a,x 1.31 ± 0.15b,x 
S. Typhimurium 1.40 ± 0.18ab,x 1.44 ± 0.04b,x 
L. monocytogenes 1.19 ± 0.12b,y 1.74 ± 0.15a,x 
S. aureus 1.48 ± 0.05a,x 1.29 ± 0.13b,x 
aDifferent superscripts within a column (a,b) and a row (x, y) indicate that the 8	  
means are significantly (P  < 0.05) different from each other. 9	  
 10	  
No significant (P > 0.05) difference in D-values was observed among the 11	  
bacterial strains, except for L. monocytogenes which had the lowest and 12	  
highest D-values at 10 and 15 °C, respectively. As far as the effect of the 13	  
illumination temperature was concerned, only L. monocytogenes had a 14	  
significantly lower (P < 0.05) D-value at 10 °C than 15 °C, while D-values for 15	  
the other three pathogens did not change with a drop in the illumination 16	  
temperature.       17	  
 18	  
2.3.4. Bacterial injury by LED illumination 19	  
The sublethal injury of the pathogens was determined by plating TSA and 20	  
TSA supplemented with NaCl to see if LED illumination caused any bacterial 21	  
damage. Several NaCl concentrations (1 – 6%) were tested to determine the 22	  
maximum concentrations that did not affect the growth of healthy untreated 23	  
cells. From this preliminary study, 3% for E. coli O157:H7 and S. 24	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Typhimurium, and 2% for L. monocytogenes and S. aureus were decided 1	  
upon for the sublethal injury study since above these concentrations, healthy 2	  
cells were inhibited (data not shown). 3	  
The sublethal injury was found in all pathogens that were illuminated with 4	  
461 and 521 nm LEDs, irrespective of the temperature, although the degree 5	  
of injury varied with the types of LED and bacterial strains (Fig. 2.7-2.9). 6	  
Overall, the percentage of sublethally injured cells increased as the 7	  
illumination time increased for the 461 and the 521 nm LEDs, while the 642 8	  
nm LED did not cause any injury. At the set temperature of 20 °C using 461 9	  
nm LED, only 31, 33, 18 and 17 % of E. coli O157:H7, S. Typhimurium, L. 10	  
monocytogenes and S. aureus cells were found to be sublethally injured after 11	  
7.5 h, respectively (Fig. 2.7). However, there was no appreciable difference in 12	  
the percentage of injury between 521 and 642 nm.  13	  
In contrast to 20 °C, the percentages of injury reached 99.5 for E. coli 14	  
O157:H7 and S. Typhimurium, 83.8 for L. monocytogenes and 77.7 for S. 15	  
aureus after 6 h at 15 °C with 461 nm (Fig. 2.8). After 7.5 h, the population of 16	  
E. coli O157:H7 and S. Typhimurium had fallen below the detection limit, as a 17	  
result of which the sublethal injury could not be determined, but reached 18	  
99.5% for two Gram-positive pathogens. Illumination with the 521 nm LED 19	  
also caused the sublethal injury up to 20, 26, 11 and 12% for E. coli O157:H7, 20	  
S. Typhimurium, L. monocytogenes and S. aureus for 7.5 h, revealing an 21	  
appreciable difference with the percent of injury observed with the 461 nm 22	  
and the 642 LED.  23	  





Fig. 2.7. Percent injury of E. coli O157:H7 (a), S. Typhimurium (b), L. 5	  
monocytogenes (c) and S. aureus (d) during the illumination with 461, 521 6	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Fig. 2.8. Percent injury of E. co157:H7 (a), S. Typhimurium (b), L. 5	  
monocytogenes (c) and S. aureus (d) during the illumination with 461, 521 6	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Fig. 2.9. Percent injury of E. coli O157:H7 (a), S. Typhimurium (b), L. 5	  
monocytogenes (c) and S. aureus (d) during the illumination of 461, 521 and 6	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At 10 °C, the percentages of sublethally injured cells for E. coli O157:H7, 1	  
S. Typhimurium, L. monocytogenes and S. aureus after illumination with the 2	  
461 nm LED for 4.5 h were 98.9, 92.6, 85.7 and 92.8% respectively (Fig. 2.9). 3	  
These percentages reached a maximum of 99.9 after 6 h for all the 4	  
pathogens except S. aureus, in whose case it was reached after 7.5 h. With 5	  
the 521 nm LED, 66 and 64% of E. coli O157:H7 and S. Typhimurium 6	  
populations were injured after 7.5 h, while the proportions of sublethally 7	  
injured cells for L. monocytogenes and S. aureus were 39 and 47%, 8	  
respectively. 9	  
 10	  
2.4. Discussion 11	  
The influence of LEDs on photosynthesis in plants prompted 12	  
investigators to study its impact on improving the nutritional values of fruits 13	  
and vegetables. For example, Ma et al (2012) reported that treatment with 14	  
660 nm LED on citrus fruits induced accumulation of β-cryptoxanthin which is 15	  
the predominant carotenoid in Satsuma mandarins. In addition, it was found 16	  
that blue (465-470 nm) and red (625-630 nm) LEDs were effective in 17	  
increasing chlorophyll and β-carotene contents in leaves of pea seedlings 18	  
(Wu et al, 2007). However, little work has been done on the effect of LED in 19	  
inactivating foodborne pathogens that threaten the public health. Thus, this 20	  
study was conducted to evaluate the potential of LED in enhancing microbial 21	  
food safety. 22	  
First of all, this study measured the temperature changes in the bacterial 23	  
suspension to determine whether the LED produces a heating effect during 24	  
long-term illumination. It was observed that the temperature of the bacterial 25	  
suspension exposed to the high intensity LEDs rose variably by 2.5-7.5 °C, 26	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depending on the intensity of the LEDs. Fig. 3 shows the temperature 1	  
increase due to the LEDs in the bacterial suspensions when the incubator 2	  
temperature was maintained at 15°C. Regardless of the incubator 3	  
temperature, the temperature increase was found to be approximately the 4	  
same for a given LED. The bacterial inactivation, however, cannot be 5	  
attributed to the elevated temperature since no bacterial inactivation was 6	  
observed either at 15 or 10 °C during the illumination with 642 nm LED. 7	  
Moreover, untreated control cells were also not inactivated at similar 8	  
temperatures to the LED-treated bacterial suspension. Thus, the reduction of 9	  
bacterial populations was due to the photodynamic action of the 461 and the 10	  
521 nm LEDs. 11	  
Among the three wavelengths used in this study, the 461 and 521 nm 12	  
LEDs were shown to be effective in inactivating as well as sublethally injuring 13	  
the bacterial cells. The 642 nm LED had no effect on the bacterial populations 14	  
at the set temperatures of 10, 15 and 20 °C for 7.5 h. This observation could 15	  
be explained by the mechanism of bacterial inactivation on photodynamic 16	  
treatment. It is known that photodynamic inactivation involves the excitation of 17	  
photosensitiser molecules such as the endogenous porphyrins, which 18	  
subsequently produce reactive oxygen species (ROS) such as singlet 19	  
oxygen, the hydroxyl radical and the superoxide anion when they absorb the 20	  
visible light spectrum between the wavelengths 400-500 nm (Maclean et al, 21	  
2009). The ROS in turn oxidize the constituents of the cell membrane 22	  
including cholesterol, the nitrogen and sulphur containing amino acid residues 23	  
in proteins, as well as guanosine in the DNA, thereby bringing about a 24	  
cytotoxic effect (Luksiene, 2003). With peak wavelengths of 461 and 521 nm 25	  
used in this study, a part of the spectrum coincided with the absorption 26	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spectrum of the porphyrins. This explains why these two LEDs could have an 1	  
antibacterial effect and why 461 nm LED was more effective than 521 nm 2	  
LED in inactivating the pathogens. This also indicates that the lower the 3	  
wavelength emitted in the visible region of the electromagnetic spectrum, the 4	  
higher was the effectiveness in inactivating the bacteria. However, each of the 5	  
three LEDs had a different irradiance, and the dosage after each time interval 6	  
provided by each of them was consequently different. But it was observed 7	  
that even when higher dosages were provided by the green LEDs, the level of 8	  
inactivation achieved was still in general lower than that observed with the 9	  
461 nm LEDs. For example, for E. coli O157:H7 at 15°C, when dosages of 10	  
171.79, 257.8 and 343.7 J/cm2 were provided with the green LEDs, the levels 11	  
of inactivation caused were 0.40, 0.58 and 0.78 log CFU/ml. In comparison, a 12	  
dosage of 119.34 J/cm2 was sufficient to bring about a 1.09 log CFU/ml 13	  
reduction in the bacterial population when 461 nm LEDs were used.   14	  
Similar to the present results, Guffey and Wilborn (2006a) reported that 15	  
treatments with a 405 nm LED decreased the population of S. aureus by 16	  
87.9%, whereas there was a 62% reduction in the bacterial population when a 17	  
470 nm LED was illuminated at 15 J/cm2. A previous study conducted by 18	  
Murdoch et al (2010) who used a 405 nm LED array to inactivate E. coli 19	  
O157:H7 and S. Enteritidis showed that the bacterial population decreased by 20	  
5 to 6 log CFU/ml at a dosage of nearly 300 J/cm2, which was less than those 21	  
for the pathogens tested in this study. This is most likely due to the fact that 22	  
the wavelength which they used was closer to the 400 nm end of the visible 23	  
light spectrum than the wavelength used in this study, and proves the 24	  
importance of the wavelength used for the bacterial inactivation.  25	  
While the 461 and 521 nm LEDs were quite ineffective in reducing the 26	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bacterial populations at a set temperature of 20 °C, the same wavelengths 1	  
showed good efficacy at the set temperatures of 15 and 10 °C. This might be 2	  
due to the increased proportion of unsaturated fatty acids in the bacterial 3	  
membrane during the illumination at lower temperatures. It is known that 4	  
bacterial cells can alter the ratio of saturated to unsaturated fatty acids in the 5	  
membrane in response to the changes in environmental temperature to 6	  
maintain proper membrane fluidity (Beales, 2004). The unsaturated fatty 7	  
acids are generally more sensitive to oxidation. This increased susceptibility 8	  
of the membrane fatty acids might have resulted in a higher bacterial 9	  
sensitivity at a lower temperature. However, the exact mechanism is still 10	  
unknown. 11	  
The sublethal injury test is an important test to the food industry, as it 12	  
helps to determine if the technology can be used in combination with other 13	  
technologies. This study showed that the bacterial injury by the LED 14	  
illumination was highly dependent on the wavelength of the LEDs as well as 15	  
the temperature. In general, it was observed for the 461 and 521 nm LEDs at 16	  
15 and 10 °C that as the exposure time to the illumination increased, the 17	  
bacterial injury also increased. This can be explained by the fact that as the 18	  
dosage increased with time, a greater number of healthy cells were 19	  
sublethally injured. 20	  
In this study, two Gram-positive and two Gram-negative strains were 21	  
tested to compare their susceptibility to photodynamic treatment. While this 22	  
number is too small to make any definite conclusions, it appeared that the 23	  
Gram nature of the bacterial strains did not have a profound impact on the 24	  
sensitivity of the bacteria to the LEDs. This observation is in contrast to the 25	  
results by Maclean et al (2009) who reported that Gram positive bacteria such 26	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as S. aureus were more susceptible to photodynamic inactivation than Gram 1	  
negative bacteria, possibly due to the fact that S. aureus had the ability to 2	  
produce more porphyrins than the Gram negative bacteria during illumination 3	  
with 407 to 420 nm blue light (Nitzan et al, 2004). However, in contrast to that 4	  
study, Pseudomonas aeruginosa was the most susceptible bacteria to 405 5	  
and 460 nm compared with Gram positive bacteria such as S. aureus and 6	  
Propionibacterium acnes (Guffey and Wilborn, 2006b). In another study, the 7	  
complete inactivation of the Gram negative Campylobacter jejuni was 8	  
achieved at 18 J/cm2, which was significantly lesser than the doses required 9	  
to inactivate two other Gram negative pathogens - S. Enteritidis and E. coli 10	  
O157:H7 (Murdoch et al, 2010). Prior literature thus indicates that the 11	  
properties of individual bacterial strains rather than their Gram nature 12	  
influences the success of a photodynamic treatment. 13	  
Tryptic soy broth (TSB) was used as a suspending medium in the present 14	  
study to facilitate the growth of tested pathogens with the necessary nutrients. 15	  
However, there is evidence in literature that reactive oxygen species (ROS) 16	  
could be generated from glucose due to its ability to undergo autoxidation in 17	  
the presence of a catalyst such as a transition metal upon exposure to light 18	  
(Grzelak et al, 2001). Although TSB contains a low concentration of glucose, 19	  
ROS could be generated from the glucose and may partially contribute to the 20	  
bacterial inactivation observed in this study. Thus, further study is needed to 21	  
ascertain the generation of ROS in TSB during the LED illumination.  22	  
 23	  
 24	  
2.5. Conclusion 25	  
The degree of bacterial inactivation using the 461 nm LED was much 26	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higher than that achieved using the 521 nm LED. The illumination 1	  
temperature played an important role in the photodynamic inactivation using 2	  
the 461 nm LEDs. Only a bacteriostatic effect was observed at 20 °C while a 3	  
bactericidal effect was observed at 10 and 15 °C. The red LEDs of 642 nm 4	  
did not influence the bacterial behaviour during illumination. These results 5	  
indicate that the efficacy of the LEDs in inactivating these four foodborne 6	  
pathogens was also dependent on the wavelengths of LEDs. The intrinsic 7	  
properties of the strains rather than their Gram nature seemed to influence 8	  
their sensitivity to LEDs. Sublethal injury was found in all bacterial strains 9	  
treated with 461 and 521 nm LEDs and was highly affected by the illumination 10	  
time, the wavelength of the LEDs and the temperature. Thus, this study is 11	  
suggestive of the potential of visible LEDs of 461 and 521 nm as another 12	  
hurdle for preserving foods in combination with chilling temperatures during 13	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CHAPTER 3. EFFECT OF pH ON THE BACTERICIDAL ACTION OF BLUE 1	  
AND GREEN LEDS 2	  
 3	  
3.1. Introduction 4	  
Foods encompass a wide spectrum of pH values, from the highly 5	  
acidic fruits to significantly alkaline products such as frozen eggs 6	  
(FDA, 2015). The pH also decides the fate of bacterial pathogens that 7	  
colonize the food, as the bacterial life-cycle is pH-dependent. 8	  
Consequently, the success of a bactericidal treatment applied to the 9	  
food is also dependent on the pH. This has indeed been observed in 10	  
the efforts of many researchers. Ikawa et al (2010) discovered that 11	  
there is a critical pH (about 4.7) below which low temperature-12	  
atmospheric pressure-plasma is effective against bacteria. Another 13	  
study revealed a greater susceptibility of L. monocytogenes to UV-C 14	  
light following exposure to sublethal acidic stress (Bradley et al, 2012). 15	  
The effect of pH was also evident from the altered inactivation kinetics 16	  
of L. monocytogenes in response to a change in pH (Buchanan et al, 17	  
1993). Therefore, just like the effect of temperature was investigated, 18	  
the impact of pH on the bactericidal action of the LEDs also merits 19	  
research. 20	  
The previous chapter confirmed the antibacterial effect of 461 and 521 nm 21	  
LEDs. However, the effect of different environmental stresses such as pH on 22	  
the inactivation potential of LEDs though is yet to be elucidated. Such prior 23	  
knowledge is essential for the LED technology to be applied to foods. Hence, 24	  
the objective of this study was to determine the influence of acidic and alkaline 25	  
conditions on the effectiveness of LEDs in inactivating selected foodborne 26	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pathogens. 1	  
 2	  
3.2. Materials and methods  3	  
3.2.1. Bacterial cultures 4	  
Three major foodborne pathogens were selected for this study.  L. 5	  
monocytogenes 1/2a (BAA-679) and S. Typhimurium (ATCC 14028) were 6	  
obtained from the American Type Culture Collection (ATCC; Manassas, 7	  
Virginia, USA). E. coli O157:H7 (EDL 933) was obtained from Dr. Henry Mok 8	  
at the Department of Biological Sciences at the National University of 9	  
Singapore.  The frozen stock cultures were revived in 10 ml of sterile 10	  
trypticase soy broth (TSB; Oxoid, Basingstoke, UK) at 37 °C for 24 h with at 11	  
least two consecutive transfers prior to use. Each bacterial strain was also 12	  
adapted to 100 µg/ml nalidixic acid (Sigma, St Louis, MO, USA). This 13	  
adaptation was facilitated with stepwise increments of nalidixic acid. 14	  
  15	  
3.2.2. The LED illumination system 16	  
The same set-up that has been described in section 2.2.4. was used. The 17	  
incubator temperature during the illumination was maintained at 15 °C. 18	  
 19	  
3.2.3. Bacterial inactivation by LED illumination 20	  
The bacterial cultures were serially diluted from an initial population of the 21	  
order 109 CFU/ml to the order 107 CFU/ml using 0.1% peptone water. The 22	  
final transfer of the culture was into 9 ml of TSB in order to to facilitate the 23	  
growth of pathogens with nutrients. The bacterial suspension was placed in a 24	  
sterile glass petri dish (60 mm diameter) inside the LED illumination system. 25	  
The pH of the TSB was preadjusted to either acidic (pH 4.5 and 6.0) or 26	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alkaline (pH 8.0 and 9.5) values using 1 N hydrochloric acid (HCl; Merck, 1	  
Darmstadt, Germany) or 1 N sodium hydroxide (NaOH; Schedelco, 2	  
Singapore) respectively, using a pH meter (Mettler-Toledo S220, Greifensee, 3	  
Switzerland). The pH of the TSB without HCl and NaOH was 7.3.  At each pH, 4	  
the bacterial suspension was illuminated with LEDs for 3 to 7.5 h at 15°C with 5	  
sampling at six equally spaced data points.  For the control samples, the 6	  
same set-up was used in the absence of the LEDs at a temperature of 20 °C 7	  
in order to take into account the temperature increase of about 5 °C due to the 8	  
illumination (Chapter 2).  9	  
The dosage received by each bacterial sample was calculated using the 10	  
equation given in section 2.2.2. 11	  
The number of survivors (log CFU/ml) was plotted against the illumination 12	  
time. Survival data at pH 4.5 and 9.5 were fitted to the Weibull model (Peleg, 13	  
1999; Huang, 2009). The decimal reduction times (D-values) were then 14	  
calculated using the standard Weibull equation given below: 15	  
y(t) = y0 – (t/D)α 16	  
where y is the bacterial population in log CFU/ml after time t, y0 is the initial 17	  
bacterial population and α is an empirical parameter in the equation. 18	  
 19	  
3.2.4. Determination of sublethal injury 20	  
The sublethal injuries to the bacterial cultures after LED treatment under 21	  
different pH conditions were determined in the manner outlined in section 22	  
2.2.5. The optimal NaCl concentration for this test was determined to be 3 % 23	  
(w/v) for E. coli O157:H7 and S. Typhimurium and 4% for L. monocytogenes. 24	  
 25	  
 26	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3.2.5. Enumeration.   1	  
At each sampling interval, a 0.1-mL aliquot from the illuminated bacterial 2	  
suspension or the controls was serially diluted with 0.1% peptone water and 3	  
pour plated onto sterile TSA supplemented with 100 µg/ml nalidixic acid. The 4	  
plates were then incubated at 37°C for 24 – 48 h, followed by counting of the 5	  
colonies using a colony counter (Rocker Scientific Co. Ltd., Taipei, Taiwan). 6	  
Ultimately, the number of viable cells was reported in log10 CFU/ml.  7	  
 8	  
3.2.6. Statistical analysis.  9	  
Statistical analysis was conducted as described in section 2.2.6. 10	  
 11	  
3.3. Results 12	  
  13	  
3.3.1.Inactivation tests 14	  
 The illumination of E. coli O157:H7 using the 461 nm LED brought 15	  
about average log reductions of 2.1 ± 0.02, 1.2 ± 0.11, 1.2 ± 0.02, 1.7 16	  
± 0.21 and 4.1 ± 0.33 log CFU/ml at pH values of 4.5, 6.0, 7.3, 8.0 and 17	  
9.5, respectively, after a dosage of 596.7 J/cm2 (Fig. 3.1). 18	  
 19	  
 20	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Fig. 3.1. Inactivation of Escherichia coli O157:H7 on exposure to 461 nm and 5	  
521 nm LEDs at 15 °C for 7.5 h at pH 4.5 (a), 6.0 (b), 7.3 (c), 8.0 (d) and 9.5 6	  
(e). The 461 nm and 521 nm results are to be read off the bottom axis while 7	  
the results for the control are to be read off the top axis. Each data point 8	  
represents three independent trials with duplicate plating examined for each 9	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experiment. Error bars were drawn based on standard deviations of results. 1	  
 2	  
The 521 nm LED illumination reduced the level of E. coli O157:H7 by less 3	  
than 1 log CFU/ml after the maximum dosage of 432 J/cm2 at all the pH 4	  
values tested. The average log reductions using the 521 nm were significantly 5	  
lower (P < 0.05) than those using 461 nm at the same dosage. For example, 6	  
the population of E. coli O157:H7 was reduced by only 0.9 ± 0.05 log CFU/ml 7	  
after illumination with a dosage of 432 J/cm2 by 521 nm LEDs at pH 9.5, but 8	  
this reduction was as high as 1.9 ± 0.09 log CFU/ml upon illumination with the 9	  
461 nm LEDs using a lower dosage (358 J/cm2) at the same pH. 10	  
For S. Typhimurium, treatment with 461 nm at pH 8.0 and 9.5 reduced the 11	  
bacterial populations by 1.8 ± 0.03 and 4.7 ± 0.5 log units after the maximum 12	  
dosage of 596.7 J/cm2 respectively. These were higher compared to the 13	  
reductions observed under similarly strong acidic conditions, as only 0.4  ± 14	  
0.06 and 2.0 ± 0.02 log unit reductions obtained at pH values of 6.0 and 4.5 15	  
respectively after the same dosage (Fig. 3.2). 16	  
 17	  
18	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Fig. 3.2. Inactivation of Salmonella Typhimurium on exposure to 461 nm and 5	  
521 nm LEDs at 15 °C for 7.5 h at pH 4.5 (a), 6.0 (b), 7.3 (c), 8.0 (d) and 9.5 6	  
(e).  7	  
 8	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The inactivation at all the pH values tested except pH 6.0 was 1	  
significantly higher (P < 0.05) than that at the near neutral pH of 7.3. 2	  
Using the 521 nm LED, the average reductions after the maximum 3	  
dosage of 432 J/cm2 at pH values of 4.5 and 6.0 were less than 1 log, 4	  
while those at 8.0 and 9.5 were 1.0 ± 0.1 and 1.0 ± 0.08 log units 5	  
respectively. There was no significant (P < 0.05) reduction at pH 7.3. 6	  
The average log reductions at pH 6.0 and pH 7.3 were also not 7	  
significant (P > 0.05). The untreated control showed no significant 8	  
change in the bacterial populations during storage for 7.5 h. 9	  
The population of L. monocytogenes treated with 461 nm LED 10	  
was reduced below detectable levels with dosages of 238.7 and 358 11	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Fig. 3.3. Inactivation of Listeria monocytogenes on exposure to 461 nm and 4	  
521 nm LEDs at 15 °C for 7.5 h at pH 4.5 (a), 6.0 (b), 7.3 (c), 8.0 (d) and 9.5 5	  
(e).  6	  
 7	  
On the other hand, treatment with the 461 nm LED at neutral and 8	  
alkaline conditions after a dosage of 596.7 J/cm2 reduced the 9	  
population by less than 2 log units. With the 521 nm LED, 1.1 ± 0.04 10	  
and 1.7 ± 0.32 log reductions were observed at pH 6.0 and 4.5, 11	  
respectively, with a dosage of 432 J/cm2. The bacterial inactivation 12	  
using 521 nm LED did not differ significantly (P > 0.05) when the pH 13	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was changed from a neutral to an alkaline range. Irrespective of the 1	  
pH of the medium, the level of L. monocytogenes remained 2	  
unchanged when the cells were stored at 15°C without LED treatment 3	  
for 7.5 h.  4	  
Table 3.1 compares the susceptibility of the three pathogens to 5	  
the 461 nm LED under the acidic as well as alkaline extremes by 6	  
comparing their decimal reduction times (D-values). 7	  
 8	  
Table 3.1. Comparisona of the decimal reduction times (D-values) in hours of 9	  
the three foodborne pathogens at pH values of 4.5 and 9.5 using 461 nm LED 10	  
at 15°C. 11	  
Bacterial strain pH 4.5 pH 9.5 
E. coli O157:H7 5.75 ± 0.21a 2.82 ± 0.11a 
S. Typhimurium 5.74 ± 0.09a 2.38 ± 0.36a 
L. monocytogenes 1.46 ± 0.44b 6.04 ± 0.26b 
aAll measurements were done in triplicate with replication, and all values are 12	  
means ± standard deviation. Different superscripts within a column (a,b) 13	  
indicate that the means significantly (P <  0.05) differed from each other. 14	  
 15	  
From these values, it could be observed that L. monocytogenes, the 16	  
Gram-positive bacterium, was rendered more susceptible to the LED 17	  
illumination under acidic conditions as compared to alkaline conditions. This 18	  
was in stark contrast to the two Gram-negative bacteria, which were more 19	  
susceptible to the LED illumination under alkaline conditions than under acidic 20	  
conditions. 21	  
 22	  
3.3.2. Sublethal injury tests 23	  
The sublethal injury of E. coli O157:H7 after treatment with 461 nm for 7.5 24	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1	  
 2	  
Fig. 3.4.  Percent injury to the  E. coli O157:H7 culture during the 3	  
exposure to 461 and 521 nm for 7.5 h at pH 4.5 (a), 6.0 (b), 7.3 (c), 4	  
8.0 (d) and 9.5 (e). The control sets were conducted in the absence of 5	  
an LED. The 461 nm and 521 nm results are to be read off the bottom 6	  
axis while the results for the control are to be read off the top axis. 7	  
Each data point represents three independent trials with duplicate 8	  
plating examined for each experiment. Error bars were drawn based 9	  
on standard deviations of results. 10	  
 11	  
At pH 8.0 and 9.5, the percentage of sublethally injured cells 12	  
increased to 91.74% and 94.93%, respectively. The percentage of 13	  
sublethally injured cells using the 521 nm LED was 19.36% at pH 7.3, 14	  
and it increased to 41.49% at pH 4.5 and 73.22% at pH 9.5. In 15	  
general, the degree of sublethal injury was significantly lower (P < 16	  
0.05) with the 521 nm as compared to the 461 nm LED. In the control 17	  
samples without the LED treatment, the percentage of bacterial injury 18	  
after 7.5 h was 5.39% at pH 7.3, which increased slightly to 6.20% at 19	  
pH 4.5 and 18.68% at pH 9.5. 20	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After 7.5 h of illumination with the 461 nm LED, the sublethal 1	  
injury to S. Typhimurium cells at pH 6.0 and pH 7.3 was 35.86% and 2	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1	  
 2	  
Fig. 3.5. Percent injury to the S. Typhimurium culture during the exposure to 3	  
461 and 521 nm for 7.5 h at pH 4.5 (a), 6.0 (b), 7.3 (c), 8.0 (d) and 9.5 (e). 4	  
 5	  
This was consistent with the low inactivation results at pH 6.0 and 6	  
7.3 in Fig. 3.2. The percentage of sublethally injured cells increased to 7	  
72.54% at pH 4.5 and 94.19% at pH 9.5, which related well with the 8	  
corresponding reductions of 2.0 and 4.7 log CFU/ml. Exposure to 521 9	  
nm increased sublethal injury from 13.13% at pH 7.3 to 29.42% at pH 10	  
4.5, and to 51.59% at pH 9.5. 11	  
In the case of L. monocytogenes, the sublethal injury using the 12	  
461 nm LED at pH 7.3, 8.0 and 9.5 was 97.04, 98.64 and 94.99% 13	  
after 7.5 h respectively (Fig. 3.6). 14	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 1	  
Fig. 3.6. Percent injury to the L. monocytogenes culture during the exposure 2	  
to 461 and 521 nm for 7.5 h at pH 4.5 (a), 6.0 (b), 7.3 (c), 8.0 (d) and 9.5 (e).  3	  
* The bacterial population was reduced to below the detectable levels. 4	  
These injury results were not significantly different from each 5	  
other (P < 0.05), corresponding well with the inactivation test results. 6	  
The sublethal injury using the 521 nm LEDs increased from 36.26% at 7	  
pH 7.3 to 99.90% at pH 4.5, and to 82.36% at pH 6.0 after 7.5 h. 8	  
There was no significant difference in the degree of injury between the 9	  
pH 7.3 and the alkaline values.  10	  
 11	  
3.4. Discussion 12	  
Nalidixic acid adapted cells were used in this study so as to 13	  
facilitate the extension of this study to real food matrices in the near 14	  
future. Food matrices contain background microflora, which can be 15	  
screened with the help of antibiotics such as nalidixic acid. Our 16	  
preliminary studies also showed that the sensitivities of non-adapted 17	  
and nalidixic acid adapted cells to the LED illumination were not 18	  
significantly (P < 0.05) different (data not shown).  19	  
In the present study, 461 nm LEDs were found to be more 20	  
effective than 521 nm LEDs at the same dosage for the inactivation of 21	  
the three pathogens under all the pH conditions tested. This finding 22	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was similar to that of Chapter 2, which had 461 nm LEDs being much 1	  
more effective in producing an antibacterial effect as compared to 2	  
LEDs of wavelengths 521 and 642 nm. The reasons for this 3	  
observation have been explained previously (Chapter 2).    4	  
The present results showed Gram-negative E. coli O157:H7 and 5	  
S. Typhimurium and Gram-positive L. monocytogenes markedly 6	  
differed in their susceptibility to LED illumination, depending on the pH 7	  
of the suspension medium. These results are similar to those of a 8	  
study conducted by Schäfer et al (2007), who investigatied the 9	  
influence of pH on E. coli  and Deinococcus radiodurans subjected to 10	  
photodynamic therapy with wavelengths between 400 and 600 nm. It 11	  
was demonstrated that the survival of E. coli was drastically reduced 12	  
under photodynamic therapy at pH 4.5 and pH 9.5 in comparison to 13	  
the survival at pH 7.0 at a temperature of 15 °C. In addition, a pH of 14	  
9.5 was found to be more effective than pH 4.5 during photodynamic 15	  
therapy. For Gram-positive D. radiodurans, inactivation occurred 16	  
rapidly and cell viability at pH 4.5 after illumination was too low for the 17	  
measurement of the photodynamic effect. At pH 9.5, inactivation of D. 18	  
radiodurans was found to be only slightly lower than that at pH 7.0.  19	  
A probable reason behind such a difference in susceptibility to the 20	  
461 nm LED illumination based on pH conditions might lie in the 21	  
difference in the cell wall structure of Gram positive and negative 22	  
bacteria. The cell wall of Gram-positive bacteria consists of a 23	  
cytoplasmic membrane and a thick peptidoglycan layer (30 nm) 24	  
(Mendonca et al, 1994). The cell wall of Gram-negative bacteria, on 25	  
the other hand, consists of an inner membrane, a thin peptidoglycan 26	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layer (2-3 nm) and a relatively impermeable outer membrane 1	  
consisting of lipopolysaccharides in its outer leaflet and phospholipids 2	  
in its inner leaflet (Mendonca et al, 1994). The hydrogen ions 3	  
generated as a result of the dissociation of a strong acid such as HCl 4	  
in the external environment of the bacterial cells are almost 5	  
impermeable to the outer membrane, thus protecting the cell wall of 6	  
Gram-negative bacteria at a relatively low pH. On the other hand, the 7	  
cell wall of Gram-positive bacteria is not protected by an outer 8	  
membrane and therefore, in general, it is more sensitive to the 9	  
hydrogen ions in the external environment compared to Gram-10	  
negative bacteria. This also renders the Gram-positive pathogens 11	  
more susceptible to a combination of acid stress and photodynamic 12	  
action than Gram-negative bacteria. This could explain why L. 13	  
monocytogenes had the extremely low D-values at pH 4.5 compared 14	  
to the larger observed for E. coli O157:H7 and S. Typhimurium. L. 15	  
monocytogenes is dependent on a number of proteins for its stress 16	  
response. It is dependent on F1F0-ATPase for the generation of a 17	  
transmembrane proton motive force that helps it expel protons from 18	  
the cytoplasm. It is also dependent on glutamate decarboxylase, an 19	  
enzyme that regulates the pH by consuming protons as part of a 20	  
decarboxylation reaction (Cotter and Hill, 2003). Sigma factors such 21	  
as σB also regulate the acid stress response of the cell (Cotter and 22	  
Hill, 2003). The ROS generated as a result of the LED illumination are 23	  
known to be reactive towards proteins, particularly towards the 24	  
nitrogen and sulphur containing residues. Damage caused by the 25	  
ROS to the proteins may have weakened the stress response of the 26	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pathogen to the acid and subsequently to the combined treatment.   1	  
Meanwhile, the enhanced sensitivity of E. coli O157:H7 and S. 2	  
Typhimurium to the 461 nm LED illumination under` alkaline pH 3	  
conditions might be due to the weakened cell membranes by the 4	  
solubilization of proteins and the saponification of the membrane lipids 5	  
by hydroxyl ions (Mendonca et al, 1994). Such a weakened cell 6	  
membrane by high pH may be easily damaged by the attack of the 7	  
ROS generated from the photodynamic action resulting from LED 8	  
illumination.  9	  
The determination of sublethal injury to the bacterial culture is of 10	  
great importance to microbial food safety as it screens for cells that 11	  
may not be detected on supplemented or selective agar. These cells 12	  
may recover when conditions turn favorable during storage, causing 13	  
foodborne diseases (Yuk et al 2010). Injury testing also justifies the 14	  
bacterial inactivation achieved and prevents an overestimation of the 15	  
treatment lethality. In this study, a direct relationship was observed 16	  
between sublethal injury sustained by the bacterial cultures and the 17	  
inactivation experienced by them. In general, an increase in the 18	  
sublethal injury correlated with an increase in inactivation for all the 19	  
four pathogens treated with the LEDs. A similar observation was found 20	  
in a study conducted by Yuk et al (2010) who investigated the 21	  
inactivation and injury of supercritical carbon dioxide processing on E. 22	  
coli K12 in apple cider at various temperatures.  23	  
Besides acidic and alkaline conditions, LED illumination at a near 24	  
neutral pH of 7.3 also caused 1 – 2 log reductions in the populations 25	  
of foodborne pathogens. A high degree of sublethal injury was also 26	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observed after illumination at this pH. This means that most of the 1	  
surviving cells were injured, but this injury did not result in bacterial 2	  
death. These results are different to those obtained in Chapter 2 3	  
where this injury translated into bacterial death and resulted in a 4	  
greater inactivation (4 - 5 log). Efforts are being made towards 5	  
understanding the cause of this variation and further studies are being 6	  
carried out in this direction. 7	  
 8	  
3.5. Conclusion 9	  
This is the first study to show that the antibacterial effect of 461 10	  
nm LED is highly influenced by the pH of suspension medium. Higher 11	  
bacterial inactivation was achieved under acidic and alkaline pH 12	  
conditions during the 461 nm LED illumination compared to a neutral 13	  
pH. In particular, acidic conditions were more bactericidal than alkaline 14	  
conditions for L. monocytogenes, while inactivation was more effective 15	  
under alkaline conditions than acidic conditions for E. coli O157:H7 16	  
and S. Typhimurium. Besides the influence of pH, it was found that the 17	  
illumination with 461 nm LEDs was more effective in eliminating 18	  
bacteria than that with 521 nm LEDs. Thus, this study demonstrates 19	  
the potential of 461 nm LEDs in not only preserving acidic foods but 20	  
also in exerting a combined effect with alkaline antimicrobials. 21	  
  22	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CHAPTER 4. THE INFLUENCE OF ORGANIC ACIDS ON THE 1	  
BACTERICIDAL ACTIVITY OF BLUE LEDS 2	  
 3	  
4.1. Introduction 4	  
Chapter 3 explained the importance of pH on the photodynamic 5	  
inactivation by LEDs. While the pH undoubtedly influences the fate of 6	  
microorganisms in the food, the acids that are responsible for the pH 7	  
also play a crucial role in determining bacterial survival. In foods, 8	  
these acids are generally short-chain organic acids such as lactic acid, 9	  
acetic acid and citric acid, which incidentally have also been used for 10	  
a long time to inhibit the growth of bacteria in food. These weak acids 11	  
bring about an antibacterial effect as a result of their ability to 12	  
penetrate the cell membrane and lower the intracellular pH. Some 13	  
organic acids may also chelate metal ions and disrupt the structure of 14	  
the cell membrane (Gurtler and Mai, 1999). Each acid thus has its 15	  
own mechanism of action, meaning that different acids can sensitise a 16	  
bacterial cell to different degrees. 17	  
To the best of my knowledge, no study has been conducted so far 18	  
to determine the influence of different organic acids, an important 19	  
extracellular factor, on the antibacterial effect of the LEDs. Therefore, 20	  
the objective of this study was to investigate the effect of the nature of 21	  
these commonly encountered organic acids – citric, lactic and malic, 22	  
on the photodynamic inactivation of selected foodborne pathogens by 23	  
461 nm LEDs. Citric and malic acids are the predominant acids in 24	  
most fruits (Hawkins-Watts, 2015), and lactic acid is often applied on 25	  
meat to extend its shelf life (Cudjoe, 1988). Sublethal injury to the 26	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pathogens in the presence of the organic acids and the LEDs was 1	  
also determined. 2	  
 3	  
4.2. Materials and Methods 4	  
4.2.1. Bacterial cultures 5	  
Two Gram-positive and two Gram-negative pathogens that have 6	  
been commonly implicated in foodborne outbreaks were used in this 7	  
study. Listeria monocytogenes 1/2a (BAA-679), Staphylococcus 8	  
aureus (ATCC 6538) and Salmonella Typhimurium (ATCC 14028) 9	  
were purchased from the American Type Culture Collection (ATCC; 10	  
Manassas, Virginia, USA). Escherichia coli O157:H7 (EDL 933) was 11	  
procured from Dr. Henry Mok of the Department of Biological Sciences 12	  
at the National University of Singapore. The frozen stock cultures were 13	  
revived as described in Chapter 2. 14	  
 15	  
4.2.2.  The LED illumination system 16	  
The LED assembly, the incubation conditions and the dosage 17	  
calculations were the same as those in Chapter 3. Consequently, the 18	  
doses applied to the samples in this study after 1.5, 3.0, 4.5 6.0 and 19	  
7.5 h were 119.3, 238.7, 358.0, 477.4 and 596.7 J/cm2 respectively. 20	  
 21	  
4.2.3.  Photodynamic inactivation by the LEDs  22	  
A starting bacterial concentration of 106 CFU/ml was used for all 23	  
experiments. This was achieved by serially diluting the initial culture 24	  
population of approximately 109 to 107 CFU/ml using 0.1% peptone 25	  
water (Oxoid) and finally transferring 1 ml of this solution into 9 ml of 26	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TSB. TSB was used as the suspending medium so as to provide 1	  
nutrients that would facilitate bacterial growth. The bacterial 2	  
suspension was then placed in a clean, sterile glass petri dish inside 3	  
the LED illumination system. The pH of the TSB was pre-adjusted to 4	  
4.5 using either citric (Sigma Aldrich Pte. Ltd., Singapore), L-lactic 5	  
(Sigma Aldrich Pte. Ltd., Singapore) or DL-malic acid (Suntop 6	  
Enterprise Pvt. Ltd., Singapore). The acids were prepared by 7	  
dissolving the respective crystals or powder in distilled water. The 8	  
bacterial suspensions were then illuminated with LEDs for a period of 9	  
7.5 h at 15 °C.  As a control, the bacterial suspension in TSB adjusted 10	  
to pH 4.5 with each acidulant was held at 20 °C in the same incubator 11	  
without the LED illumination, to account for the temperature increase 12	  
of about 5 °C as a result of the illumination (Chapter 2).  13	  
 14	  
4.2.4.  Enumeration 15	  
After each sampling, bacterial enumeration was performed 16	  
following the method outlined in Chapter 2. 17	  
 18	  
4.2.5.  Mathematical modeling 19	  
The inactivation profile from the combined effect of the LEDs and 20	  
the three acidulants was fitted to the reparameterized Gompertz 21	  
survival model (Huang, 2009): 22	  
𝑦(𝑡)   =   𝑦! 1 −   𝑒𝑥𝑝   −  𝑒𝑥𝑝   𝜇!"#                    !𝑦!    𝑡   −   𝜆   +   1  
where y is the bacterial population in log CFU/ml after time t, y0 is the 23	  
initial bacterial population and  λ is the initial lag phase. The maximum 24	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inactivation rate (µmax) for each pair of organic acid and bacterial strain 1	  
was then determined using the above equation. The reparameterized 2	  
Gompertz model was chosen looking at the apparent triphasic nature 3	  
of the survival curves. 4	  
 5	  
4.2.6.  Sublethal injury test 6	  
Sublethal injury to the bacterial cultures after illumination was 7	  
determined using the methodology prescribed in Chapter 2. The NaCl 8	  
concentration to be used for inspecting the sublethal injury was 9	  
determined to be 3 % (w/v) for E. coli O157:H7 and S. Typhimurium, 10	  
and 4% (w/v) for L. monocytogenes and S. aureus. 11	  
 12	  
4.2.7.  Statistical analysis 13	  
Statistical analysis was performed in the same vein as elaborated 14	  
in section 2.2.6. 15	  
 16	  
4.3. Results and Discussion 17	  
The combined effect of organic acids in conjunction with other 18	  
technologies as a hurdle concept has been widely studied to enhance 19	  
the antibacterial effect of intervention technologies (Iciek et al, 2006; 20	  
Leguerinel and Mafart, 2000; Liu et al, 1996; Sagong et al, 2011). In 21	  
the same spirit, this study evaluated whether the use of citric, lactic 22	  
and malic acids could enhance antibacterial effect of the 461 nm LED 23	  
on selected foodborne pathogens.  24	  
 25	  
4.3.1.  Bacterial inactivation 26	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The populations of E. coli O157:H7 and L. monocytogenes in TSB 1	  
of pH 4.5 adjusted by citric acid were reduced below the detection limit 2	  
by the 461 nm LED after 7.5 h (a total dosage of 596.7 J/cm2), while 3	  
those of S. Typhimurium and S. aureus were reduced by 4.2 and 3.9 4	  
log CFU, respectively (Fig. 4.1), in the same time period. Unlike citric 5	  
acid, a combination with lactic acid inactivated all pathogens to 6	  
undetectable levels (Fig. 4.2) within 4.5 – 7.5 h (358.0 – 596.7 7	  
J/cm2).In comparison, LED illumination in the presence of malic acid 8	  
reduced all the bacterial populations by around 3.5 log CFU for 7.5 h 9	  
(Fig. 4.3). Regardless of the bacterial strain, there were no significant 10	  
(P > 0.05) reductions in the non-illuminated control cells in the 11	  
presence of acidulants during storage for 7.5 h at 20 °C.   12	  
The inactivation observed in this study was brought about due to 13	  
the combined action of the acid and the LED. This can be ascertained 14	  
by the fact that under otherwise identical conditions, LEDs alone at a 15	  
near neutral pH of 7.3 were unable to produce an antibacterial effect 16	  
(Chapter 3). Similarly, organic acids alone did not produce any 17	  
inactivation, as evidenced by the survival curves of the control 18	  
populations with all the acids. With a peak wavelength of 461 nm, a 19	  
considerable portion of the emission spectrum (Chapter 2) of the LED 20	  
coincided with the region of absorption of the porphyrins – 400-430 21	  
nm (Luksiene, 2003). Combined with a long illumination time, this 22	  
provided a sufficiently high dosage to the bacterial cells over this time 23	  
to bring about their inactivation with assistance from the acids.  24	  





Fig. 4.1. Inactivation curves of E. coli O157:H7 (a), S. Typhimurium (b), L. 5	  
monocytogenes (c) and S. aureus (d) during the LED illumination in the 6	  
presence of citric acid (-○- : non-illuminated controls; -Δ-  illuminated 7	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Fig. 4.2. Inactivation curves of E. coli O157:H7 (a), S. Typhimurium (b), L. 5	  
monocytogenes (c) and S. aureus (d) during the LED illumination in the 6	  
presence of lactic acid (-○- : non-illuminated controls; -Δ-  illuminated 7	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Fig. 4.3. Inactivation curves of E. coli O157:H7 (a), S. Typhimurium (b), L. 5	  
monocytogenes (c) and S. aureus (d) during the LED illumination in the 6	  
presence of malic acid (-○- : non-illuminated controls; -Δ-  illuminated 7	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The reparameterized Gompertz equation was used to model the 1	  
bacterial inactivation curves, as it accounts for the presence of the 2	  
‘shoulder’ (the lag phase duration ‘λ’) as well as the ‘tail’ in an 3	  
inactivation curve. The lag phase duration and the maximum 4	  
inactivation rate were used to compare the effectiveness of the LEDs 5	  
in inactivating the pathogens in conjunction with the three acidulants. 6	  
The lag phase duration provides an estimate of the time required to 7	  
initiate the inactivation, while the maximum inactivation rate estimates 8	  
the rate of inactivation in the linear portion of the death curve. 9	  
Differences were observed in the lag phase durations (λ) and the 10	  
maximum inactivation rates (µmax) by the LED illumination in 11	  
combination with three organic acids 12	  
For E. coli O157:H7, the λ value with lactic acid was less than 13	  
one-third of that with malic acid (Table 4.1). In the case of S. 14	  
Typhimurium, the lag phase duration with malic acid was almost six 15	  
times as high as that obtained with lactic acid. However, there was no 16	  
significant (P < 0.05) difference in the λ values between citric and 17	  
lactic acids. For L. monocytogenes and S. aureus, the lag phase 18	  
durations with the three acids did not significantly differ. With respect 19	  
to the maximum inactivation rates, the three acids did not produce 20	  
significantly different effects in the case of E. coli O157:H7 and L. 21	  
monocytogenes (Table 4.2). The µmax of S. Typhimurium by the LED 22	  
illumination with lactic acid was significantly (P < 0.05) higher than 23	  
those of citric and malic acids. In the case of S. aureus, µmax was 24	  
observed to be the highest with lactic acid and there was no significant 25	  
difference (P > 0.05) observed between the µmax values for citric and 26	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malic acids. Although the maximum inactivation rates of the 1	  
pathogens differed in some cases, these differences showed no 2	  
relation to their Gram nature. For example, the µmax value for E. coli 3	  
O157:H7, a Gram-negative pathogen, was significantly different (P < 4	  
0.05) from that of the Gram-negative S. Typhimurium, but was not 5	  
significantly different (P < 0.05) from that of L. monocytogenes, a 6	  
Gram-positive pathogen. 7	  
These results showed that the LED illumination with lactic acid 8	  
produced generally shorter λ and higher µmax values than citric and 9	  
malic acids, except in the case of L. monocytogenes, indicating that 10	  
the LED illumination was more effective in inactivating these 11	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This observation might be due to the fact that a higher 1	  
concentration of undissociated lactic acid was present in TSB as 2	  
compared to citric and malic acid at the same pH when the cells were 3	  
illuminated (Table 4.3). 4	  
 5	  
Table 4.3. Concentrations of the undissociated form of the three acids. 6	  
Organic 
acid 
pH pKa1 Total acid 
concentration (M) 
Concentration of the 
undissociated form 
(M) 
Citric 4.5 3.14 5.18 x 10-8 2.00 x 10-8 
Lactic 4.5 3.86 4.89 x 10-8 9.60 x 10-8 
Malic 4.5 3.4 4.56 x 10-5 3.22 x 10-8 
1As reported in Dawson et al, 1986. 7	  
 8	  
 9	  
The antibacterial effect of organic acids is known to be highly 10	  
dependent on their undissociated form which is able to penetrate the 11	  
cell membrane and finally dissociate to hydrogen ions and anions, 12	  
decreasing the intracellular pH. Lactic acid also had the highest 13	  
concentration of undissociated molecules among the three acids. 14	  
Thus, it could bring about the strongest intracellular effects among the 15	  
three acids. Another possibility is that lactic acid may have caused a 16	  
release of lipopolysaccharides from the cell wall. This might have 17	  
compromised the integrity of the cell wall and exposed the membrane 18	  
lipids to ROS that were produced due to the LEDs (Alakomi et al, 19	  
2000). 20	  
In concurrence with the present study, other studies have also 21	  
demonstrated the greater effectiveness of lactic acid in combination 22	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with other intervention technologies. Huang and Chen (2011) studied 1	  
the combined effect of organic acids, hydrogen peroxide and mild heat 2	  
on the inactivation of E. coli O157:H7 in baby spinach. They found that 3	  
washing with 1% lactic acid at 40 °C for 5 min produced the highest 4	  
reduction in the spinach samples compared with other treatments. 5	  
Ban et al (2011) observed a synergistic effect between steam and 6	  
lactic acid on the viability of biofilms, with the reduction levels being 7	  
enhanced by more than 2 log CFU/ml. The study conducted by 8	  
Chaine et al (2013) showed that the effectiveness of steam 9	  
pasteurization was significantly enhanced with lactic acid in 10	  
eliminating S. Enteritidis on chicken skin compared to the individual 11	  
treatment.   12	  
Citric acid too can bring about changes in the bacterial membrane 13	  
in addition to lowering the cytoplasmic pH. Being a chelating agent, 14	  
citric acid has the ability to remove Ca2+ and Mg2+ ions from the cell 15	  
wall of bacteria, resulting in the release of phospholipids and 16	  
lipoproteins. The loss of these substances results in an increase in 17	  
permeability of the cell wall, further deteriorating the condition of the 18	  
cell (Delves-Broughton, 1993). Lipids and proteins are prime targets of 19	  
ROS during photodynamic inactivation and citric acid might have 20	  
aided the LED inactivation by exposing these compounds to ROS. 21	  
Malic acid was the least effective of the three acids studied in 22	  
aiding the photodynamic inactivation. A low partition coefficient of -23	  
1.26 log octanol/water (Raybaudi-Massilia, et al 2009), compared to 24	  
1.7 log octanol/water for citric acid (CDC, 2015), suggests that malic 25	  
acid is not lipophilic, thus limiting its ability to permeate the cell 26	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membrane. Transmission electron microscopy has also established 1	  
that undissociated lactic acid passes through the cell membrane 2	  
without causing any changes in it. These factors might also explain 3	  
malic acid’s lower contribution to the LED inactivation.  4	  
 5	  
4.3.2. Sublethal injury 6	  
The importance and significance of the sublethal injury test has 7	  
been discussed in sections 2.4 and 3.4. In this study, a long-term 8	  
exposure to the LEDs in the presence of citric acid resulted in 95.4% 9	  
of the population of E. coli O157:H7 getting sublethally injured after 3 10	  
h and no further significant (P > 0.05) increase in the percentage of 11	  
injury was observed until 7.5 h (Fig. 4.4). An injury of 95.4% was 12	  
achieved in the population of S. Typhimurium after 7.5 h by the LED 13	  
illumination, without any significant differences in the percentages of 14	  
the sublethal injury beyond 4.5 h. Unlike these Gram-negative 15	  
pathogens, L. monocytogenes and S. aureus were rapidly injured, 16	  










Fig. 4.4. Sublethal injury to E. coli O157:H7 (a), S. Typhimurium (b), L. 5	  
monocytogenes (c) and S. aureus (d) during the illumination with the 461 nm 6	  
LED in the presence of citric acid. The non-shaded bars signify the 7	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the sublethal injury was not detectable due to the population being below the 1	  
detectable limit. Different letters (a, b, c) over bars indicate that the means are 2	  
significantly different statistically (P < 0.05). 3	  
 4	  
The combination of LEDs and lactic acid injured 99.9 and 99.4% of 5	  
the populations of E. coli O157:H7 and S. Typhimurium, respectively, 6	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1	  
 2	  
Fig. 4.5. Sublethal injury to E. coli O157:H7 (a), S. Typhimurium (b), L. 3	  
monocytogenes (c) and S. aureus (d) during the illumination with the 461 nm 4	  
LED in the presence of lactic acid. The non-shaded bars signify the 5	  
illuminated samples while the shaded bars signify the controls. * implies that 6	  
the sublethal injury was not detectable due to the population being below the 7	  
detectable limit. Different letters (a, b, c) over bars indicate that the means are 8	  
significantly different statistically (P < 0.05). 9	  
 10	  
A 100% level of injury was reached after 6 h in the case of L. 11	  
monocytogenes and after 4.5 h in the case of S. aureus. The percentage of 12	  
injury could not be determined after 4.5 h for E. coli O157:H7 and 7.5 h for the 13	  
rest of pathogens since no colonies were observed on both non-selective and 14	  
selective agars. 15	  
The LED illumination with malic acid significantly (P < 0.05) increased the 16	  
percentage of sublethal injury in the population of E. coli O157:H7 to 97.9% 17	  
after 3 h and the percentages remained unchanged for the rest of the 18	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Fig. 4.6. Sublethal injury to E. coli O157:H7 (a), S. Typhimurium (b), L. 5	  
monocytogenes (c) and S. aureus (d) during the illumination with the 6	  
461 nm LED in the presence of malic acid. The non-shaded bars 7	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controls. * implies that the sublethal injury was not detectable due to 1	  
the population being below the detectable limit. Different letters (a, b, 2	  
c) over bars indicate that the means are significantly different 3	  
statistically (P < 0.05). 4	  
 5	  
In the case of S. Typhimurium, the percentage was 92.3% after 3 6	  
h but there was a fluctuation in the injury percentages over the time. 7	  
For L. monoytogenes and S. aureus, the levels of sublethal injury 8	  
ranged from 88 - 97% with LEDs and there was no significant 9	  
difference in these percentages over time. The control cells showed 10	  
no significant (P > 0.05) increase in the percentage of sublethal injury 11	  
in the presence of each acidulant during storage at 20 °C for 7.5 h.  12	  
These results show that the trend observed in the inactivation 13	  
curves was reflected in the results of the sublethal injury test. 14	  
Generally, a higher percentage of sublethal injury to the culture 15	  
corresponds to a greater level of inactivation. Yuk et al (2010) studied 16	  
the antibacterial effect of supercritical carbon dioxide on E. coli K12 in 17	  
apple cider. Their results showed that when a higher level of sublethal 18	  
injury was observed, a corresponding greater inactivation was 19	  
observed as well. In this study, it was observed that the level of 20	  
sublethal injury became significant in comparison to the controls (P < 21	  
0.05) after 1.5 h in all cases. However, due to the high degree of 22	  
sublethal injury achieved in this short period of time, the sublethal 23	  
injury at the remaining points was in most cases not significantly 24	  
different (P < 0.05) from that at 1.5 h.   25	  
 26	  
4.4. Conclusion 27	  
This study showed that organic acids that are found in foods or 28	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frequently used for food preservation, increased the antibacterial 1	  
efficacy of LEDs against the foodborne pathogens tested. In general, 2	  
lactic acid was the most effective in aiding the LED inactivation of the 3	  
pathogens, followed by citric and malic acids. The inactivation profiles 4	  
were supported by the sublethal injury tests, which showed a similar 5	  
pattern. A higher degree of bacterial injury was found when the LED 6	  
was treated with lactic acid than citric and malic acids, regardless of 7	  
the bacterial strain. There was no distinctive difference in the bacterial 8	  
sensitivity to the LED in combination with the acids between the 9	  
limited number of Gram-positive and -negative strains tested. This 10	  
study thus opens new possibilities in the area of food preservation, not 11	  
only for naturally acidic foods such as fruits, but also foods such as 12	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CHAPTER 5 INACTIVATION OF SALMONELLA SPP. IN ORANGE JUICE 1	  
USING BLUE LEDS 2	  
 3	  
5.1. Introduction 4	  
The preceding three chapters elucidated the effect of individual factors on 5	  
the antibacterial action of LEDs. It was seen that a low temperature, an acidic 6	  
pH and the presence of organic acids such as citric and lactic acid enhance 7	  
the bactericidal impact of the LEDs. Consequently, food products such as fruit 8	  
juices become attractive options for the implementation of the LED 9	  
technology. Fresh fruit juices are easy targets for pathogenic contamination, 10	  
due to their rich carbohydrate composition and high water activity. Over the 11	  
years, there have been numerous cases of foodborne outbreaks resulting 12	  
from pathogenic contamination of fruit juices. Fresh orange juice has been 13	  
one of the most widely implicated sources of these outbreaks (Danyluk et al, 14	  
2010). Many of the outbreaks caused by orange juice have resulted from 15	  
unpasteurized orange juice sold in food service establishments such as 16	  
restaurants, food courts and hawker centres (CDC, 1999; Thurston et al, 17	  
1998). Hence, there is a need to design an intervention technology that will be 18	  
effective in decontaminating unpasteurized fresh orange juice at food service 19	  
establishments during sale. 20	  
To date, the application of LEDs to food systems, or parts thereof, has 21	  
been demonstrated in a very limited fashion. Photosensitization by LEDs has 22	  
been used to decontaminate L. monocytogenes on strawberries (Luksiene 23	  
and Paskeviciute, 2011a). Pathogens such as L. monocytogenes and Bacillus 24	  
cereus have also been inactivated on a food-grade packaging material using 25	  
LEDs (Luksiene and Paskeviciute, 2011b). However, these studies have 26	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resorted to the use of an exogenous photosensitiser for effective 1	  
decontamination. The present study aimed to use 460 nm LEDs, without an 2	  
exogenous photosensitiser, to inactivate Salmonella spp. in orange juice 3	  
during storage. Different mathematical models were fitted to the survival plots 4	  
of the pathogen under the influence of LED light at different irradiances and 5	  
storage temperatures. The best model was then chosen to quantify the effects 6	  
of irradiance and temperature on the fate of Salmonella in the juice. The effect 7	  
of the LED illumination on the colour of the orange juice was also monitored. 8	  
 9	  
5.2. Materials and Methods 10	  
5.2.1. Preparation and inoculation of the Salmonella cocktail 11	  
Five serovars of Salmonella enterica, all of which were procured from the 12	  
American Type Culture Collection (ATCC), were used in this study - 13	  
Salmonella Gaminara (BAA 711), Salmonella Montevideo (BAA 710), 14	  
Salmonella Newport (ATCC 6962), Salmonella Saintpaul (ATCC 9712) and 15	  
Salmonella Typhimurium (ATCC 14028). The frozen stock cultures were 16	  
revived by transferring them into 10 ml of sterile tryptone soya broth (TSB; 17	  
Oxoid, Basingstoke, UK) and incubation at 37 °C for 24 h with at least two 18	  
consecutive transfers prior to illumination by LEDs. The cultures were 19	  
individually washed twice with 0.1 % peptone water (using centrifugation at 20	  
4229 x g for 10 min each time) to free them of TSB. Subsequently, they were 21	  
mixed in equal volumes to form the Salmonella cocktail. Pasteurized orange 22	  
juice (Marigold UHT 100% Juice, Malaysia Dairy Industries Pvt. Ltd., 23	  
Singapore), free of preservatives and added sugar, was purchased from local 24	  
supermarkets. The Salmonella cocktail was serially diluted using 0.1 % 25	  
peptone water (Oxoid), with the final transfer made in to 10 ml of the orange 26	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juice, such that the initial concentration of Salmonella spp. in the juice was 1	  
approximately 106 CFU/ml. This initial concentration was selected so as to 2	  
provide sufficient allowance for bacterial growth or inactivation following the 3	  
LED illumination. 4	  
 5	  
5.2.2. The LED illumination system 6	  
An LED with an emission spectrum of 455-465 nm (peak = 460 nm) and a 7	  
power of 105 W was purchased from Shenzhen Getian Opto-electronics Co. 8	  
Ltd. (Shenzhen, Guangdong, China). Different LEDs were used to those used 9	  
for the studies described in Chapters 2 and 3, as these possessed a greater 10	  
lifetime. In order to protect the LED from the heat that it generated, a heat sink 11	  
was attached and a cooling fan connected to it. Blocks of acrylonitrile 12	  
butadiene styrene (ABS) were used to cover this assembly. Thereafter, this 13	  
assembly was placed in an incubator (Zhicheng ZSD-A1160A, Zhicheng 14	  
Analytical Instruments Manufacturing Co. Ltd., Shanghai, China) in order to 15	  
create a temperature-controlled environment. The inoculated orange juice was 16	  
placed beneath the LED in a clean, sterile petri dish, 60 mm in diameter. A 17	  
representative cross-sectional diagram of the assembly can be found in 18	  
section 2.2.3. The petri dishes were placed on a multipoint magnetic stirrer 19	  
(Cimarec i Poly 15 and Multipoint Stirrer, Thermo Fisher Scientific 20	  
Inc.,Waltham, Mass., USA) in order to keep the inoculum uniformly distributed 21	  
throughout the juice.  22	  
 23	  
5.2.3. LED illumination 24	  
The irradiance of the LED was controlled by changing its distance from the 25	  
sample’s surface. The irradiance of the LED at the surface of the sample was 26	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measured using a portable LED radiometer (UVATA, Shanghai, China). 1	  
Dosage calculations were performed based on the equation stated previously 2	  
in section 2.2.2. A total of 4500 J/cm2 was made incident on each bacterial 3	  
sample by adjusting the duration of illumination. The temperature of the 4	  
system was regulated by changing the temperature of the incubator. 5	  
Illumination brought about an irradiance-dependent increase in the 6	  
temperature of the samples. This temperature rise was measured using the 7	  
Fluke 54 Thermo-couple Thermometer (Everett, Washington, USA) at one-8	  
minute intervals. To account for the increase, the control samples were placed 9	  
in the dark at an appropriately higher temperature than the illuminated 10	  
samples. 11	  
 12	  
5.2.4. Enumeration. 13	  
Aliquots of 0.1 ml of the juice sample were withdrawn after every dose of 14	  
500 J/cm2. These aliquots were then serially diluted with 0.1% peptone water 15	  
and pour-plated with sterile tryptone soya agar (TSA; Oxoid). Subsequently, 16	  
the plates were incubated at 37 °C for 24 – 48 h, and the colonies counted 17	  
manually using a colony counter (Rocker Scientific Co. Ltd., Taipei, Taiwan). 18	  
The number of viable cells was reported in log10 CFU/ml and their populations 19	  
(log CFU/ml) were plotted against the doses (J/cm2). 20	  
  21	  
5.2.5. Mathematical modeling 22	  
Three mathematical models, whose details are given below, were 23	  
applied to the inactivation curves - 24	  
Linear model: y = y0 – (1/D)d, where y was the bacterial concentration 25	  
after a dosage d,  y0 was the initial bacterial population and D was the decimal 26	  
	   	  88	  
reduction dose. 1	  
Weibull model (Huang, 2009; Peleg, 1999): y(t) = y0 – (x/D)α, where y was 2	  
the bacterial population in log CFU/ml after a dose x, y0 was the initial 3	  
bacterial population and α is an empirical parameter of the model. D is the 4	  
dose required to bring about the first decrease of 1 log CFU/ml in the bacterial 5	  
population.  6	  
Reparameterized Gompertz model (Huang, 2009): 7	  
𝑦(𝑡)   =   𝑦! 1 −   𝑒𝑥𝑝   −  𝑒𝑥𝑝   𝜇!"#                    !𝑦!    𝑑   −   𝜆   +   1  
where λ was the initial lag phase and µmax the maximum inactivation rate. 8	  
The models were evaluated for their goodness-of-fit by calculating the 9	  
coefficient of determination (R2) as follows: 10	  
R2 = 1 – SSres/SStot 11	  
where SSres was the residual sum of squares and SStot was the total sum of 12	  
squares. 13	  
Overfitting was evaluated by using the Akaike Information Criterion (AIC) 14	  
values, computed using the following equation: 15	  
AIC = nlnSSres + 2p 16	  
where p is the number of parameters and n the number of data points used by 17	  
the model.  18	  
Model validation was carried out by testing the normality of residues using 19	  
the D’Agostino-Pearson’s omnibus K2 test using GraphPad Prism (GraphPad 20	  
Software Inc., California, USA). The model parameters were determined using 21	  
MATLAB R2015a (The Mathworks Inc., Massachusetts, USA). 22	  
 23	  
 24	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5.2.6. Sublethal injury test.  1	  
Cells in orange juice were stored for 4.73, 8.4 and 13.73 h, corresponding 2	  
to irradiances of 254.7, 147.7 and 92.0 mW/cm2 respectively. To determine 3	  
the sublethal injury to the cells, the colony counts on xylose lysine 4	  
deoxycholate (XLD) agar (Oxoid) were subtracted from those on TSA. Finally, 5	  
the percentage of the sublethal injury was calculated using the following 6	  
formula (Yuk et al, 2010): 7	  
 8	  
Sublethal 
injury (%) = 
(1 – No. of colonies on XLD/No.of 
colonies on TSA) x 100 
 9	  
5.2.7. Colour measurement 10	  
The colour of the orange juice was measured using the Konica Minolta 11	  
CM-5 Spectrophotometer (Konica Minolta Sensing Singapore Pvt. Ltd, 12	  
Singapore). The instrument recorded the colour of the non-illuminated control 13	  
and the illuminated samples in the L a b colour space where ‘L’ indicated the 14	  
lightness, ‘a’ indicated the redness/greenness and ‘b’ indicated the 15	  
yellowness/blueness of the samples. After these measurements, the colour 16	  
threshold was calculated as the lowest dosage that brought about a significant 17	  
(P < 0.05) change in any of the colour coordinates. 18	  
 19	  
5.2.8. Statistical analysis 20	  
The mean values under each set of conditions were obtained by 21	  
performing three independent trials with duplicate plating. The R2 values, the 22	  
AIC values and the parameters resulting from the best model were expressed 23	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in the form of ‘mean ± standard deviation’. To determine whether the 1	  
calculated means were statistically significantly different, a one-way analysis 2	  
of variance (ANOVA) was performed using the IBM SPSS statistical software 3	  
(version 17.0; SPSS Inc., IBM Corporation, Armonk, New York, USA) at a 4	  
confidence level of 95% (α = 0.05). Two-way ANOVA (SPSS) was conducted 5	  
to evaluate the significance of each factor’s influence on the photodynamic 6	  
inactivation. 7	  
 8	  
5.3. Results 9	  
5.3.1. Temperature profile 10	  
Figure 5.1 shows a typical temperature profile observed upon 11	  
illumination of the orange juice. 12	  
 13	  
 14	  
Fig. 5.1. Temperature profiles of the orange juice sample and the 15	  
incubator while 460 nm LED of 254.7 mW/cm2 was illuminated at the 16	  
set temperature of 4 °C. The dashed line denotes the temperature of 17	  
the LED illuminated sample, while the solid line portrays the incubator 18	  
temperature. 19	  
 20	  
The average temperature rise over the period of illumination was 5.1 to 7.8 21	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temperature rise. The peaks observed at regular intervals of time are due to 1	  
the sampling action. While this temperature rise cannot be mitigated, it was 2	  
minimised by ensuring (with the help of proper architecture) maximum air 3	  
convection through the LED assembly. Therefore, all the non-illuminated 4	  
control samples were placed at an average of 6.8 °C higher than their 5	  
illuminated counterparts. 6	  
 7	  
5.3.2. Inactivation of Salmonella in orange juice by LED 8	  
The inactivation of Salmonella was observed to be a function of 9	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 1	  
Fig. 5.2. Inactivation curves of Salmonella spp. in orange juice using 2	  
460 nm LEDs at set temperatures of 4 (a), 12 (b) and 20 °C (c). The 3	  
control samples were tested for a period of 13.73 h, which was the 4	  
maximum time for which any of the illuminated samples remained 5	  
suspended in the orange juice, with equal intervals. The error bars at 6	  
a data point depict the standard deviation at that point. 7	  
 8	  
The control samples did not show any significant change in their number, 9	  
irrespective of the conditions. At 4 °C, an irradiance of 92.0 mW/cm2 resulted 10	  
in a 3.3 log reduction in the population of Salmonella, while 147.7 and 254.7 11	  
mW/cm2 brought about 2.2 and 2.1 log reductions respectively (Fig. 5.2a). 12	  
Increasing the temperature to 12 °C changed the dynamics of the inactivation. 13	  
The LED illumination with 92.0 mW/cm2 reduced the Salmonella population by 14	  
3.6 log CFU/ml, while the 147.7 and 254.7 mW/cm2 decreased the population 15	  
by 2.6 and 2.0 log CFU/ml, respectively (Fig. 5.2b). When the temperature 16	  
was further increased to 20 °C, a 4.8 log reduction was achieved at 92.0 17	  
mW/cm2, whereas the LED illumination at 147.7 and 254.7 mW/cm2 caused 3 18	  
and 2.5 log reductions respectively (Fig. 5.2c). 19	  
 20	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The models tested showed a high degree of goodness-of-fit, with R2 1	  
values ranging from 0.9 to 1 (Table 5.1). Overall, the Weibull and the 2	  
Gompertz models fitted better than the linear model. While the adjusted R2 3	  
values for the linear model were between 0.89 and 0.96, those for the Weibull 4	  
and the Gompertz models fell between 0.93 to 0.99 and 0.98 respectively. Of 5	  
the 9 combinations of irradiance and temperature, the Weibull and the 6	  
Gompertz models fitted significantly better (P < 0.05) than the linear model for 7	  
4 of them. 8	  
 9	  
Table 5.1. Comparisona of the R2 values of the fits obtained using the three 10	  




M Temperature (°C) 
4 12 20 
92.0 L 0.9206 ± 0.0303a 0.9577 ± 0.0269a 0.9330 ± 0.0119a 
W 0.9695 ± 0.0121a 0.9712 ± 0.0195a 0.9888 ± 0.0054b 
G 0.9695 ± 0.0105a 0.9791 ± 0.0133a 0.9734 ± 0.0062b 
147.7 L 0.9458 ± 0.0129a 0.9332 ± 0.0094a 0.9348 ± 0.0214a 
W 0.9673 ± 0.0038b 0.9644 ± 0.0294a 0.9825 ± 0.0088b 
G 0.9669 ± 0.0039b 0.9657 ± 0.0277a 0.9839 ± 0.0114b 
254.7 L 0.9284 ± 0.0174a 0.8871 ± 0.0563a 0.9166 ± 0.0281a 
W 0.9711 ± 0.0044b 0.9261 ± 0.0671a 0.9787 ± 0.0012b 
G 0.9701 ± 0.0029b 0.9251 v 0.0566a 0.9769 ± 0.0050b 
aDifferent superscripts within a column (a,b) indicate that the means are  12	  
significantly different (P  < 0.05) from each other. M = Model, L = Linear, W = 13	  
Weibull, G = Gompertz. 14	  
 15	  
 To check whether the greater R2 values of the two 3-parameter models 16	  
were due to overfitting, the AIC values for the fits were calculated (Table 5.2). 17	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It was proved that the significant differences observed in the R2 values were 1	  
not due to overfitting, with the Weibull and the Gompertz models 2	  
outperforming the linear model with significantly lower AIC values model in 3	  
three of the above four cases. Moreover, in one of these cases (92.0 mW/ 4	  
cm2, 20 °C), the Weibull model had a significantly lower value than the other 5	  
two models. Thus, it could be concluded that the Weibull model was the best 6	  
model to describe the bacterial inactivation by 460 nm LED. The model was 7	  
deemed valid as the observed errors after regression were certified to be 8	  
randomly distributed as per the D’Agostino-Pearson’s omnibus K2 test, in 9	  
nearly all the cases (data not shown). Consequently, the D value from the 10	  
Weibull model, which was the dosage required to bring about the first log 11	  
reduction, was used to compare the antibacterial effect under various 12	  
conditions. 13	  
 14	  
Table 5.2. Comparisona of the AIC values of the fits obtained using the linear, 15	  
Weibull and Gompertz models under various LED illumination conditions.  16	  
P 
(mW/cm2) 
M Temperature (°C) 
4 12 20 
92.0 L 3.872 ± 4.371a -0.5797 ± 7.023a 8.259 ± 1.352a 
W -0.8928 ± 5.707a -4.594 ± 7.724a -10.64 ± 5.924b 
G -3.512 ± 4.136a -5.567 ± 7.220a 0.943 ± 2.371a 
147.7 L -10.56 ± 1.352a -1.717 ± 1.005a 1.941 ± 9.400a 
W -15.43 ± 1.780a -2.804 ± 7.762a -11.74 ± 10.80a 
G -13.32 ± 1.950a -8.472 ± 9.216a -11.77 ± 13.52a 
254.7 L -7.742 ± 3.288a -2.100 ± 5.532a -2.063 ± 4.307a 
W -16.73 ± 1.070b -7.885 ± 7.626a -15.30 ±0.9984b 
G -14.34 ± 1.018b -5.536 ± 7.213a -13.52 ± 2.262b 
aDifferent superscripts within a column (a,b) indicate that the means are 17	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significantly different (P  < 0.05) from each other. M = Model, L = Linear, W = 1	  
Weibull, G = Gompertz. 2	  
 3	  
5.3.4. Effect of irradiance and temperature on bacterial inactivation 4	  
The two-way ANOVA established both irradiance and 5	  
temperature as statistically important (P < 0.05) parameters 6	  
influencing the D values (Table 5.3). 7	  
 8	  
Table 5.3. Results of the two-way ANOVA for determining the factors of 9	  






Moreover, no interaction was inferred between the two, meaning that the 12	  
same trend was observed with irradiance irrespective of the temperature and 13	  
vice versa. The influence of irradiance implied that reciprocity between 14	  
irradiance and illumination time was not observed. At 4 °C, reciprocity was 15	  
upheld only between 92.0 to 147.7 mW/cm2 and 147.7 to 254.7 mW/cm2, and 16	  
not over the entire irradiance range of 92.0 to 254.7 mW/cm2 (Table 5.4). 17	  
There was no significant (P > 0.05) difference between the D values with 92.0 18	  
and 147.7 mW/cm2, but a significant difference (P < 0.05) was observed when 19	  
254.7 mW/cm2 was used. Thus, 92.0 mW/cm2 produced the best bactericidal 20	  
effect at 4 °C. The same trend was observed at 12 °C. The trend at 20 °C was 21	  
slightly different in that 92.0 and 147.7 mW/cm2 resulted in significantly lower 22	  
(P < 0.05) D values than 254.7 mW/cm2. No significant difference (P > 0.05) 23	  
was observed between the D values using 92.0 and 147.7 mW/cm2 at 20 °C. 24	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Reciprocity between the irradiance and the dosage thus held significance only 1	  
between 92.0 and 147.7 mW/cm2. Thus, these results indicate that a lower 2	  
irradiance and a correspondingly lower exposure time might be better for 3	  
bringing about inactivation of Salmonella in the orange juice and that 4	  
reciprocity was sporadically followed. 5	  
 6	  
Table 5.4. Comparisona of the D values (J/cm2) under different LED 7	  




 4 12 20 
92.0 2,236 ± 243.3a,x 1,580 ± 202.0a,y 2,013 ± 120.5a,xy 
147.7 2,807 ± 400.3ab,x 2,247 ± 560.5ab,x 2,216 ± 309.5a,x 
254.7 3,087 ± 193.1b,x 2,601 ± 133.1b,x 2,801 ± 191.6b,x 
aDifferent superscripts within a column (a,b) or a row (x, y) indicate 9	  
that the means are significantly different (P  < 0.05) from each other. 10	  
 11	  
On the other hand, at 92.0 mW/cm2, the temperature of 12 °C produced 12	  
the lowest D value with 1580 J/cm2. Hence, a temperature of 12 °C was 13	  
preferable over the refrigeration temperature of 4 °C for bringing about better 14	  
antibacterial effect. Of all the combinations of irradiance and temperature used 15	  
in this study, the most potent were observed to be 92.0 mW/cm2 and 16	  
temperature of 12 °C. 17	  
 18	  
5.3.5. Effect of orange juice acids 19	  
Sublethal injury was estimated to evaluate the ability of the acids 20	  
in the orange juice to inflict structural damage on to the Salmonella 21	  
cells. It was also intended to check the variation in the number of 22	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damaged cells over time. The percentage of sublethal injury ranged 1	  
from 40-66, depending on the conditions employed (Fig. 5.3). 2	  
 3	  
 4	  
Fig. 5.3. Percentage of sublethal injury of non-illuminated Salmonella cells 5	  
after storage in orange juice for different time periods. 6	  
 7	  
It was thus proven that the orange juice by itself was capable of causing 8	  
damage to the Salmonella cells. However, the number of injured cells did not 9	  
increase with time, as reflected by the statistically similar percentages 10	  
obtained at 4.73, 8.4 and 13.73 h. 11	  
 12	  
5.3.6. Colour change of orange juice due to LED illumination 13	  
Colour threshold values provided useful information regarding the effect 14	  
of each combination on the colour of the juice samples. While some 15	  
combinations brought about a significant colour change at a dosage as low 16	  
as 500 J/cm2, others did not cause any change in colour up to 3500 J/cm2 17	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Table 5.5. Colour thresholds in J/cm2 under different LED illumination 1	  
combinations of irradiance and temperature. 2	  
Irradiance (mW/cm2) Incubator Temperature (°C) 
4 12 20 
92.0 500 500 500 
147. 7 3,500 500 2,500 
254.7 1,000 2,000 1,000 
 3	  
A low irradiance of 92.0 mW/cm2 caused a colour change at 500 J/cm2 at 4	  
all temperatures. An irradiance of 254.7 mW/cm2 appeared to be better at 5	  
resisting colour change with threshold values of 1000, 2000 and 1000 J/cm2 at 6	  
4, 12 and 20 °C, respectively. An intermediate irradiance of 147.7 mW/cm2 7	  
arguably worked the best, with high colour thresholds of 3500 and 2500 J/cm2 8	  
at 4 and 20 °C, respectively. 9	  
 10	  
5.4. Discussion 11	  
The antibacterial effect of 460 nm LEDs on selected foodborne pathogens 12	  
in culture media without exogenous photosensitisers has been studied in 13	  
Chapter 2, along with some of the factors that affect this inactivation 14	  
(Chapters 3 and 4). However, to my knowledge, no study has been conducted 15	  
to prove the antibacterial effect of 460 nm LEDs on Salmonella spp. in fruit 16	  
juice. Thus, this is the first study to evaluate the effectiveness of the LEDs in 17	  
protecting orange juice from bacterial contamination. 18	  
It was important to establish that the antibacterial effect observed in this 19	  
study was due to the photodynamic action brought about by the LEDs and not 20	  
a heating effect. This fact was confirmed from the trends observed with the 21	  
temperature-adjusted control samples, which did not show any decrease in 22	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the bacterial populations. The results in Chapter 2, where high intensity 642 1	  
nm LEDs produced no antibacterial effect at temperatures from 10-20 °C 2	  
despite producing a higher heating effect in comparison to 521 and 461 nm 3	  
LEDs, also substantiated this claim. 4	  
Bacterial inactivation by 460 nm LEDs was observed under all the 5	  
combinations tested in this study. The reasons for such inactivation have been 6	  
well detailed in section 2.4. Preceding work conducted in culture media also 7	  
supported the photodynamic inactivation observed in this study. The 8	  
susceptibility of S. Typhimurium to 461 nm LEDs was significantly enhanced 9	  
at chilling temperatures compared to room temperature (Chapter 2). It has 10	  
also been shown that an acidic pH of 4.5 significantly aids the photodynamic 11	  
inactivation of S. Typhimurum (Chapter 3). Orange juice is known to have a 12	  
pH between 3.3 and 4.2 (University of Wisconsin, 2015), making it a more 13	  
acidic substrate than the TSB used in the aforementioned study. Furthermore, 14	  
the effectiveness of citric acid, the predominant acid in orange juice (Hawkins 15	  
Watts, 2015), in promoting the antibacterial effect of LEDs has also been 16	  
proven (Chapter 4). The efficacy of citric acid in assisting antibacterial 17	  
interventions has been observed by other scientists too. Gurtler et al 18	  
discerned a significant difference (P < 0.05) in the total inactivation of E. coli in 19	  
strawberry juice when citric acid was used to supplement an antimicrobial 20	  
mixture of potassium sorbate and sodium benzoate, as compared to the 21	  
mixture used alone (Gurtler et al, 2011).  Citric acid also synergized the 22	  
antibacterial effect of caprylic acid when used against S. Typhimurium and 23	  
Cronobacter Sakazakii in reconstituted infant formula, as observed by Choi 24	  
and co-workers (Choi et al, 2013). 25	  
According to the law of reciprocity, the response to a photobiological 26	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treatment is independent of the irradiance and the treatment time as long as 1	  
the dosage is kept constant (Karu et al, 1994). However, this law was clearly 2	  
not applicable in this study. It was observed that the antibacterial effect was 3	  
enhanced at certain combinations of irradiance and illumination time, despite 4	  
the same dosage being delivered. A lower irradiance of 92.0 mW/cm2 (with a 5	  
correspondingly lower exposure time) and a temperature of 12 °C were the 6	  
preferred combinations for achieving the best antibacterial effect. While this is 7	  
the first study to evaluate the law of reciprocity for the food application of LED, 8	  
studies in other fields, especially medicine, have reported deviations from this 9	  
law. Forbes et al (1981) studied the effect of ultraviolet (UV) light on tumor 10	  
formation in mice. They found that fractionated doses were more carcinogenic 11	  
than one single equivalent dose in inducing tumor formation. A study by 12	  
Rosado-Schlosser et al also reached a similar conclusion when the incidence 13	  
of UV-A-induced cell death increased by 100% when fractionated doses were 14	  
used rather than a single identical dose (Rosado-Schlosser et al, 1998).  15	  
In an opposite deviation from the reciprocity law, greater survival of E. coli 16	  
in culture media was observed when UV light was partitioned into several 17	  
doses (Dzidic et al, 1986). All these studies point to the fact that 18	  
photobiological processes are complex processes influenced by different 19	  
factors other than the dosage. For the same reason, bacterial inactivation in a 20	  
food matrix by LED might be influenced by various intrinsic and extrinsic 21	  
factors such as the mechanism of action of the applied stress, the bacterial 22	  
stress response and the environmental conditions. Hence, deviations from 23	  
reciprocity should not be surprising. 24	  
In order to shed more light on the deviation from the reciprocity law, 25	  
sublethal injury tests were conducted. Sublethal injury due to NaCl is 26	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indicative of the loss of cytoplasmic functions associated with the membrane 1	  
(Somolinos et al, 2008). In this case, the presence of sublethal injury 2	  
established the ability of acids in the orange juice to inflict damage on the 3	  
membrane. However, it also dismissed the hypothesis that the greater 4	  
bactericidal effects at a lower irradiance were due to a longer exposure time 5	  
and consequently more sublethally injured cells. Thus, more tests at a 6	  
mechanistic level will need to be carried out to explain this phenomenon. 7	  
The effect of temperature on the bacterial inactivation also makes for 8	  
interesting discussion. It has been illustrated in Chapter 2 that temperature 9	  
plays an important role in influencing the photodynamic inactivation of 10	  
foodborne pathogens. Hence, this study employed three temperatures - 11	  
refrigeration, abused refrigeration and ambient, for testing the antibacterial 12	  
effect of the LEDs. As pointed out previously, temperature did not have an 13	  
effect at irradiances of 147.7 and 254.7 mW/cm2. However, when an 14	  
irradiance of 92 mW/cm2 was used, 12 and 20 °C were more effective than 4 15	  
°C in promoting a bactericidal effect. These results are different from those 16	  
obtained in other studies. According to a study by Cassado et al (2014), 17	  
ambient and refrigerated temperatures worked equally well for the 18	  
preservation of pickled garlic with sulfites. Chukwumalume et al (2012), in 19	  
their efforts to preserve African star apple juice with sodium benzoate, 20	  
concluded that the microbiological quality of the juice was better maintained at 21	  
refrigeration temperature than at ambient temperature. The results reported in 22	  
Chapter 2 have also shown a lower temperatures of 10 and 15 °C to be more 23	  
bactericidal than temperatures of 20 °C.  24	  
The fate of Salmonella in this study is likely to have been an outcome of 25	  
multiple and contrasting stress responses. For example, a lower temperature 26	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can increase the concentration of unsaturated fatty acids in the cell membrane 1	  
to facilitate quicker transport across the membrane. Conversely, the presence 2	  
of citric acids in the orange juice, can lead to an increase in the saturated fatty 3	  
acids at the expense of the unsaturated ones (Beales, 2004). The differing 4	  
susceptibilities of these two types of fatty acids to ROS generated by the 5	  
illumination can play a critical role in the survival of the pathogens under LED 6	  
light. However, these are mere possibilities and concentrated efforts are 7	  
necessary to clarify the mechanism of bacterial inactivation under the 8	  
experimental conditions. 9	  
Mathematical modeling of inactivation profiles provides statistical evidence 10	  
regarding the nature of the inactivation kinetics. The parameters yielded by 11	  
mathematical models also help to quantify the inactivation. In this particular 12	  
study, the nonlinear Weibull (3 parameters) and Gompertz (3 parameters) 13	  
models fitted the survival curves significantly better (P < 0.05) than the linear 14	  
model (2 parameters) under most of the experimental conditions. This is 15	  
explicable by the fact that bacterial death often involves sensitisation of the 16	  
cells by the extracellular environment and is also commonly a result of 17	  
cumulative damage. Both these processes result in a ‘shoulder’ on the 18	  
survival curve, and the reduction in bacterial population takes place beyond 19	  
this portion. In the present study, it is probable that sensitisation by citric acid 20	  
and the cumulative damage by ROS could have resulted in a shouldered 21	  
survival curve. The slightly greater suitability of the Weibull model over the 22	  
Gompertz model may also be attributed to the possible absence of two 23	  
different subpopulations within the bacterial culture, which is generally 24	  
responsible for producing a three-phase survival curve.  25	  
Nonlinear models including the Weibull model have also been preferred to 26	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describe the kinetics of photodynamic inactivation in other studies. Vaitonis 1	  
and Luksiene (2010), in their evaluation of the inactivation kinetics of different 2	  
foodborne pathogens exposed to 400 nm LED light, observed lag phases in 3	  
their inactivation curves of Salmonella enterica, which could only be described 4	  
suitably with a nonlinear model. Le Marc et al (2009) modeled the 5	  
photodynamic inactivation of B. cereus by 400 nm LEDs in phosphate-6	  
buffered saline and noted that the shortest incubation time with the 7	  
photosensitiser also rendered a shoulder to the inactivation curve. This study 8	  
too found the Weibull model the most apt for describing the inactivation 9	  
kinetics. The Weibull model has also been deemed appropriate for quantifying 10	  
the inactivation of S. Typhimurium in acidified TSB, as illustrated in Chapter 3. 11	  
Certain changes in the colour of the juice were observed in this study as 12	  
a result of the LED illumination. This is most likely due to absorption of the 13	  
LED light by carotenoids, which have an absorption spectrum between 400 14	  
and 500 nm (Fieser, 1950; Miller, 1934; Zschiele et al, 1942), and their 15	  
subsequent oxidative degradation (Boon et al, 2010). Such colour losses are 16	  
not uncommon with orange juice or with the use of light technologies, mainly 17	  
due to the reactivity of the carotenoids and the ability of light to instigate 18	  
reactions. Cinquata et al (2010) observed significant differences in the colour 19	  
parameters in their efforts to pasteurize orange juice using microwaves. 20	  
Orange juice treated with pulsed electric fields has also been known to 21	  
display colour changes (Cortes et al, 2006). The ability of UV-C light to alter 22	  
the colour of a lemon-melon juice blend has been reported as well (Kaya et 23	  
al, 2015). It can also be observed that the threshold values vary in a complex 24	  
manner with the irradiance and temperature. Thus, it is crucial to find an 25	  
appropriate combination of irradiance and temperature conditions to 26	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minimise the colour change of juice while maintaining the antibacterial effect 1	  
of LED. For example, with an irradiance of 147. 7 mW/cm2 and a 2	  
temperature of 4 °C, it is possible to maintain optimal colour quality in the 3	  
juice upto a dosage of 3500 J/cm2 while still achieving a reduction greater 4	  
than 3 log CFU/ml. 5	  
 6	  
5.5. Conclusion 7	  
From this study, it can be concluded that 460 nm LEDs are capable of 8	  
causing inactivation of Salmonella spp. in orange juice. Irradiance (and the 9	  
corresponding exposure time to the incident light) and the surrounding 10	  
temperature both influence photodynamic inactivation. The kinetics of the 11	  
inactivation curves were best described by the Weibull model. Based on D-12	  
values obtained from the Weibull model, a lower irradiance of 92 mW/cm2 13	  
and temperatures of 12 °C were the most conducive to the antibacterial 14	  
effect. However, a significant colour change was also observed. Therefore 15	  
future work should be directed towards studying the effect of other variables 16	  
such as optical density of the juice on the antibacterial effect, the effect of the 17	  
light on other quality parameters, process scale-up and eventually shelf-life 18	  
studies to determine the most appropriate conditions to safely keep the juice 19	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CHAPTER 6. DECONTAMINATION OF FRESH-CUT PINEAPPLES FROM 1	  
SALMONELLA SPP. WITH BLUE LEDS 2	  
 3	  
6.1. Introduction 4	  
In addition to fruit juices, fresh-cut fruits, with their natural acidity, are also 5	  
promising substrates for effective microbial decontamination using LEDs. The 6	  
perilous ability of pathogens like Salmonella spp. to survive and thrive on 7	  
fresh-cut fruits has been evident from many studies. Sim et al (2013) shed 8	  
light on the ability of a five-strain cocktail of Salmonella to grow on fresh-cut 9	  
dragon fruit at 28 and 12 °C, and to survive at 4 °C. Rezende et al (2009) 10	  
showed that S. Enteritidis could grow on the surface of persimmon pulp at 11	  
temperatures of 10, 20 and 30 °C. S. Enteritidis has displayed the capacity to 12	  
grow on melon, watermelon and papaya pulp in the same temperature range 13	  
(Penteado and Leitao, 2004). Other serotypes of Salmonella have also been 14	  
shown to survive on fresh-cut pineapples at 4 and 12 °C for 21 and 14 days 15	  
respectively (Strawn and Danyluk, 2010). 16	  
Recent outbreaks have also made evident the susceptibility of fruits to 17	  
Salmonella spp. In 2010, an outbreak of typhoid across two states in the 18	  
United States (US) was attributed to consumption of frozen mamey fruit pulp 19	  
contaminated with S. Typhi (CDC, 2010). Consumption of cantaloupe infected 20	  
with S. Tyhphimurium and S. Newport in 2012 hospitalized 94 people and 21	  
resulted in the death of three (CDC, 2012a). In the same year, mangoes 22	  
tainted with S. Braenderup affected 127 people across 15 states in US (CDC, 23	  
2012b). A study by DeWaal and Bhuiya (2007) has attributed half of the 24	  
outbreaks to the consumption of fresh produce at restaurants and food 25	  
establishments. There is therefore, an underlying need for a intervention 26	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technology that can decontaminate or inhibit the growth of Salmonella in 1	  
fresh-cut fruits such as pineapples sold in such establishments. 2	  
The development of light emitting diode (LED) technology holds promise 3	  
in this regard. It has already been shown that an acidic pH and the presence 4	  
of citric acid, a predominant acid in many fruits (Hawkins Watts, 2015), 5	  
significantly aids the bactericidal effect (Chapters 3, 4). The results of these 6	  
studies thus encourage the application of LEDs for the preservation of fresh-7	  
cut fruits. In this study, Salmonella spp. were inoculated on pineapple slices 8	  
and illuminated using 460 nm LEDs at different combinations of irradiance and 9	  
temperature. Subsequently, the effect of these two factors on the antibacterial 10	  
action of the LEDs and the colour of the slices was studied. The kinetics of the 11	  
antibacterial effect were also investigated. 12	  
 13	  
6.2. Materials and methods  14	  
6.2.1.  Preparation of the Salmonella cocktail 15	  
The details of the manner in which the Salmonella cocktail was prepared 16	  
have been elucidated in section 5.2.1. 17	  
 18	  
6.2.2. Inoculation onto the pineapple slices 19	  
Pineapples of the ‘South African’ variety were purchased from a local 20	  
supermarket in Singapore. After washing the pineapples with water and 21	  
cutting off the skin, the pineapple pulp was divided into cubes of 5 cm x 2.5 22	  
cm x 0.5 cm, with each cube weighing an average of 10 g. The Salmonella 23	  
cocktail was then spot-inoculated onto the surface of each cube in such a way 24	  
that the resulting population density on the cube was approximately 4-5 log 25	  
CFU/g. The cubes were then left to dry in open air for 90 min to allow 26	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attachment of the inoculum onto the pulp. The inoculation and drying steps 1	  
were performed inside a biosafety cabinet (Esco Class II, Type A2, E-Series, 2	  
Esco Micro Pvt. Ltd., Singapore). Subsequently, the slices were wrapped 3	  
skin-tight in food-grade polyethylene prior to illumination to prevent moisture 4	  
loss to the environment. 5	  
 6	  
6.2.3. The LED illumination assembly 7	  
For the details of the LED illumination assembly and the calculation of the 8	  
doses administered, the reader is directed to sections 5.2.2 and 2.2.2 9	  
respectively. 10	  
 11	  
6.2.4. Control of temperature and irradiance 12	  
 All the assemblies were stationed inside a temperature controlled 13	  
incubator (Zhicheng ZSD-A1160A, Zhicheng Analytical Instruments 14	  
Manufacturing Co. Ltd., Shanghai, China). The temperature of the incubator 15	  
was set at 7, 16 or 25 °C. The temperature of the illuminated samples was 16	  
recorded using the Fluke 54 Thermocouple Thermometer (Everett, 17	  
Washington, USA) at one-minute intervals. It was observed that this 18	  
temperature was higher than the incubator temperature due to a heating 19	  
effect produced by the LED light. Based on this temperature rise, the 20	  
incubator temperature for the control samples was adjusted to a 21	  
commensurately higher value. Meanwhile, the irradiance was controlled by 22	  
changing the distance between the LEDs and the samples and was set to 23	  
92.0, 147.7 or 254.7 mW/cm2. 24	  
 25	  
 26	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6.2.5. Salmonella inactivation 1	  
A dosage of 22.0 kJ/cm2 was administered to the inoculated pineapple 2	  
slices. After every 3.7 kJ/cm2, two 10 g samples of the pineapple were placed 3	  
in distinct sterile bags containing 90 ml of 0.1% peptone water and 4	  
homogenized for 1 min in a blender (iUL Classic Panoramic Masticator, IUL, 5	  
Barcelona, Spain). One ml of the homogenized mixture from each bag was 6	  
pipetted out and diluted as necessary to be spread-plated on brilliant green 7	  
agar (Oxoid). Following incubation at 37 °C for 24 h, colonies were counted 8	  
using a colony counter (Rocker Scientific Co. Ltd., Taipei, Taiwan). The 9	  
detection limit given by this method was 1.0 log CFU/g. Control samples were 10	  
placed in the dark and treated in the same manner as the illuminated samples 11	  
post sampling. The populations of the control and the illuminated samples in 12	  
log CFU/g were then plotted against the dosage (J/cm2). The difference in 13	  
counts between the control and illuminated sample was also plotted on the 14	  
same figure as the ‘antibacterial effect’ (log CFU/g). 15	  
 16	  
6.2.6. Mathematical modeling 17	  
Five growth models were used to mathematically describe the increase of 18	  
antibacterial effect. These were the - 19	  
Linear model: A one-parameter model, it stipulates that y = mx, where y 20	  
was the antibacterial effect in log CFU/g, x was the dose in kJ/cm2 and m 21	  
was the rate of antibacterial effect in (log CFU/g)/(kJ/cm2). 22	  
Weibull model: This was an adaptation of the Weibull model described in 23	  
Peleg (1999) and Huang (2009). As per this adaptation, this two-parameter 24	  
model states that y = (x/D)α, where the parameter D (log CFU/g) was the 25	  
dosage (kJ/cm2) required to cause an antibacterial effect of 1 log CFU/g, and 26	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the α was the shape parameter. 1	  
Gompertz model: Adapted from the reparameterized Gompertz model 2	  
used by Huang (2009), this three-parameter model used the equation y = ymax 3	  
exp{ -exp [(μmaxe) (λ-x)/ymax + 1]}, where y and ymax were the bacterial 4	  
populations in log CFU/g after a dose x and at the maximum respectively, 5	  
μmax was the maximum rate of antibacterial effect in (log CFU/g)/(kJ/cm2) and 6	  
λ was the lag phase duration in kJ/cm2. 7	  
Huang model: A reduced version of the full Huang growth model, this 8	  
model stated that y = μmax {x + (¼)ln[(1 + e-4(x – λ))/(1 + e4λ)]} where y0 was the 9	  
initial bacterial population in log CFU/g (Huang, 2008). As is evident, this 10	  
model uses two parameters. 11	  
Baranyi model: The original Baranyi growth model was reduced to a two-12	  
parameter version which proposed that y = μmax x + ln [exp(-μmaxx) + exp(-h0) 13	  
– exp(-μmaxx - h0)], where h0 was the physiological state of the bacterium in 14	  
log CFU/g (Baranyi and Roberts, 1995). 15	  
To determine the goodness-of-fit of the models, the coefficient of 16	  
determination (R2) for each fit was calculated using the following formula: 17	  
R2 = 1 – SSres/SStot 18	  
The AIC values were also calculated to determine for overfitting: 19	  
AIC = nlnSSres + 2p 20	  
The normality of the residuals was checked in order to validate the best 21	  
model chosen on the basis of the two preceding criteria. This was done using 22	  
the Shapiro-Wilk test using GraphPad Prism (GraphPad Software Inc., La 23	  
Jolla, California, USA). MATLAB R2015a (The Mathworks Inc., Natick, MA, 24	  
USA) was used to compute the model parameters. 25	  
 26	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 1	  
6.2.7. Colour measurement 2	  
The L a b values of the non-illuminated control and the illuminated 3	  
samples were measured using a CM-5 Spectrophotometer (Konica Minolta, 4	  
Tokyo, Japan), over an area of diameter 8 mm. The instrument yielded the 5	  
mean of three consecutive measurements for each reading. ‘L’ denoted the 6	  
lightness, ‘a’ the redness/greenness and ‘b’ the yellowness/blueness of the 7	  
samples. Subsequently, the yellowness index was computed as 142.86b/L 8	  
(Pathare et al, 2013). The change in this index was used to quantify the 9	  
colour loss in the slices during the treatment. 10	  
 11	  
6.2.8. Statistical analysis 12	  
The statistical significances were determined as described in Chapter 5. 13	  
 14	  
6.3. Results 15	  
6.3.1. Temperature rise during LED illumination 16	  
The temperature rise as a result of the illumination was observed to be a 17	  
function of the irradiance. A higher irradiance produced a higher heating 18	  
effect. Irradiances of 92.0, 147.7 and 254.7 mW/cm2 elevated the surface 19	  
temperature of the pineapple slices by 2.2, 3 (data not shown) and 4.9°C (Fig. 20	  
6.1), respectively. 21	  
 22	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 1	  
Fig. 6.1. Representative temperature profile of the pineapple slices during 2	  
illumination with a 460 nm LED at 16 °C and an irradiance of 254.7 mW/cm2. 3	  
The solid line is indicative of the temperature of the LED illuminated sample, 4	  
while the dashed line indicates the incubator temperature. 5	  
 6	  
To account for this increase, the control samples were placed at a 7	  
temperature 4.9 °C (the highest temperature rise) higher than the illuminated 8	  
samples. The highest temperature rise was chosen to comprehensively 9	  
dismiss any suggestion of a heating effect being responsible for the 10	  
antibacterial action of the LEDs. 11	  
 12	  
6.3.2. Bacterial inactivation by 460 nm LEDs 13	  
A statistically significant (P < 0.05) antibacterial effect was observed with 14	  
all the combinations of irradiance and temperature (Fig. 6.2, 6.3 and 6.4). The 15	  
effect ranged from 0.61 to 1.72 log CFU/g, depending on the conditions. At 7 16	  
°C, the maximum antibacterial effects using 92.0, 147.7 and 254.7 mW/cm2 17	  
LEDs were 0.68, 1.00 and 0.64 log CFU/g, respectively (Fig. 6.2). 18	  
Elevating the temperature to 16 °C appeared to enhance this effect (Fig. 19	  
6.3). The greatest effect of 1.72 log CFU/g was observed when 92.0 mW/cm2 20	  
LEDs were used to illuminate the pineapple slices at set temperature of 16 21	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antibacterial effects of magnitudes 0.67 and 0.96 CFU/g were observed. 1	  
Increasing the temperature further to 25 °C achieved maximum effects of 2	  
1.21, 1.16 and 0.61 log CFU/g with 92.0, 147.7 and 254.7 mW/cm2, 3	  





Fig. 6.2. Antibacterial effect of 460 nm LEDs on Salmonella spp. on pineapple 9	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The error bars reflect the standard deviation at each data point. * indicates 1	  





Fig. 6.3. Antibacterial effect of 460 nm LEDs on Salmonella spp. on pineapple 7	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Fig. 6.4. Antibacterial effect of 460 nm LEDs on Salmonella spp. on pineapple 4	  





6.3.3. Modeling the antibacterial effect 10	  
The Weibull model was chosen as the most suitable for describing the 11	  
photodynamic inactivation. In most cases, the different models performed 12	  
similarly with respect to goodness-of-fit (Table 6.1). 13	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showed no significant difference in the R2 values, which varied between 0.58 1	  
and 0.97. However, at 16 °C, using an irradiance of 254.7 mW/cm2, the R2 2	  
values yielded by the Weibull, the Gompertz  and the Baranyi models were 3	  
statistically similar (P > 0.05) to each other. Moreover, the R2 values of the 4	  
Weibull and the Baranyi models were not significantly (P > 0.05) different from 5	  
that of the linear model. Of these models, the Gompertz model was 6	  
discounted due to its higher number of parameters relative to the other three 7	  
models. The linear, the Weibull and the Baranyi models were consequently 8	  


















	   	  116	  
Table 6.1. Comparisona of the R2 values of the different models under various 1	  
combinations of irradiance and temperature.  2	  
a Different superscripts within a column (a,b) indicate that the means are 3	  
significantly (P  < 0.05) different from each other. 4	  
M = Model. 5	  





Mb Temperature (°C) 
7 16 25 
92.0 L 0.6674 ± 0.2252a 0.7191 ± 0.1348a 0.7851 ± 0.1189a 
W 0.7299 ± 0.239a 0.8341 ± 0.0683a 0.8724 ± 0.0470a 
G 0.7315 ± 0.2487a 0.9206 ± 0.9292a 0.933 ± 0.0968a 
H 0.6681 ± 0.2265a 0.7215 ± 0.1335a 0.7381 ± 0.132a 
B 0.7206 ± 0.2348a 0.8408 ± 0.0656a 0.8465 ± 0.0381a 
147.7 L 0.6637 ± 0.0491a 0.7157 ± 0.1379a 0.5757 ± 0.2433a 
W 0.874 ± 0.1844a 0.8748 ± 0.1837a 0.5779 ± 0.2434a 
G 0.8369 ± 0.1716a 0.7897 ± 0.3349a 0.6662 ± 0.23a 
H 0.7164 ± 0.1404a 0.5228 ± 0.2446a 0.5737 ± 0.2422a 
B 0.7572 ± 0.1932a 0.6379 ± 0.3554a 0.5821 ± 0.2354a 
254.7 L 0.7641 ± 0.0775a 0.6972 ± 0.103a 0.505 ± 0.2738a 
W 0.8217 ± 0.094a 0.8651 ± 0.1032ab 0.547 ± 0.251a 
G 0.9093 ± 0.0283a 0.974 ± 0.0334b 0.6605 ± 0.3578a 
H 0.7656 ± 0.0798a 0.6933 ± 0.1123a 0.5033 ± 0.2737a 
B 0.8194 ± 0.1003a 0.8578 ± 0.1105ab 0.5453 ± 0.285a 
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During this inspection, the AIC values computed under different 1	  
conditions revealed the Weibull model to be the most superior model, with the 2	  
lowest AIC values under five conditions as compared to four and three for the 3	  
Baranyi and the linear models respectively (Table 6.2). 4	  
 5	  
Table 6.2. Comparisona of the AIC values of the linear and the Weibull 6	  
models under different LED illumination conditions. 7	  
P 
(mW/cm2) 
Mb Temperature (°C) 
7 16 25 
92.0 L 3.872 ± 4.371a -0.5797 ± 7.022a 8.258 ± 1.352a 
W -0.8928 ± 5.707b -4.594 ± 7.724a -10.64 ± 5.924a 
 B -16.88 ± 3.125b 7.096 ± 3.931b 13.891 ± 1.195a 
147.7 L -10.56 ± 2.426a -1.717 ± 1.005a 1.941 ± 9.401a 
W -15.43 ± 1.78a -2.804 ± 7.762a -11.74 ± 10.8ab 
 B -7.585 ± 8.311a -7.594 ± 6.689a 4.532 ± 3.091b 
254.7 L -7.742 ± 3.288a -2.099 ± 5.532a -2.063 ± 4.307a 
W -16.73 ± 1.070b -7.885 ± 7.626ab -15.3 ± 0.9984a 
 B -18.89 ± 3.153ab -0.4713 ± 1.622b -31.37 ± 0.4194b 
aDifferent superscripts within a column (a,b) indicate that the means are 8	  
significantly different (P  < 0.05) from each other. 9	  
M = Model. 10	  
b L = linear, W = Weibull, B = Baranyi. 11	  
 12	  
The residuals resulting from the Weibull model were also seen to be 13	  
normally distributed in almost all the trials as per the Shapiro-Wilk normality 14	  
test (data not shown). This demonstrated the randomness of these errors and 15	  
consequently the validity of the 16	   model. Subsequently, the D value 
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given by the model, which is the time required to reach an antibacterial effect 1	  
of 1 log CFU/g, was used to compare the antibacterial action. 2	  
 3	  
6.3.4. Effect of irradiance and illumination temperature on the antibacterial 4	  
effect of 460 nm LEDs  5	  
Overall, the means of the D values differed between 15.7 and 68.1 6	  
kJ/cm2, depending on the irradiance and the temperature. However, it was 7	  
noticeable that at a given temperature, these D values did not significantly (P 8	  
> 0.05) differ with the irradiance (Table 6.3). 9	  
 10	  
Table 6.3. D values (kJ/cm2)a yielded by the Weibull growth model under 11	  




7 16 25 
92.0 27.31 ± 2.204a,x  17.31 ± 2.688a,x 15.74 ± 5.938a,x 
147.7 22.40 ± 2.720a,x 22.37 ± 2.740a,x 22.29 ± 13.00a,x 
254.7 27.32 ± 2.877a,x 24.50 ± 8.638a,xy 68.10 ± 63.86a,y 
aDifferent superscripts within a column (a,b) a row (x,y)indicate that the means 13	  
are significantly different (P  < 0.05) from each other. 14	  
 15	  
This was confirmed by the output of the two-way ANOVA (data not 16	  
shown), which did not deem irradiance as a factor of significant influence (P < 17	  
0.05) on the D values. The use of a lower irradiance could thus be offset by a 18	  
longer illumination time.  19	  
Temperature was observed to influence the nature and to a much lesser 20	  
extent, the magnitude of the antibacterial effect. At 7 and 16 °C, the 21	  
antibacterial effect was bactericidal, with absolute reductions observed. Even 22	  
at 16 °C, when the non-illuminated control cells increased in their population, 23	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there was a reduction in the population of the illuminated cells. At 25 °C 1	  
though, the antibacterial effect manifested itself by causing growth inhibition 2	  
rather than inactivation.  Both control and the illuminated cells on the fresh-cut 3	  
surface of pineapple grew at this temperature, though at different rates. Thus, 4	  
the temperature determined whether the antibacterial effect was bactericidal 5	  
or growth-inhibitory. As far as the magnitude of the antibacterial effect was 6	  
concerned, an irradiance of 92.0 mW/cm2 did not yield significantly different D 7	  
values at 7, 16 and 25 °C (Table 6.3). A similar trend was observed when 8	  
147.7 mW/cm2 LEDs were used. Conversely, it was observed that a lower 9	  
temperature worked better than a higher one when 254.7 mW/cm2 LEDs were 10	  
used. For example, the D value observed at 7°C at this irradiance, 27.3 11	  
kJ/cm2, was significantly lower than the 68.1 kJ/cm2 observed at 25 °C.  12	  
Overall though, the effect of temperature on the D value can be considered 13	  
feeble, as the two-way ANOVA did not establish it as a significantly (P > 0.05) 14	  
influential factor. 15	  
 16	  
6.3.5. Colour change of fruits by 460 nm LED illumination 17	  
Colour change of fresh-cut pineapples due to the LED light was 18	  
experienced with all the combinations of irradiance and temperature (Table 19	  
6.4). The yellowness indices of the control samples were generally above 70. 20	  
The only exception was at 25 °C when an irradiance of 92.0 mW/cm2 was 21	  
used. Conversely, most of the values for the yellowness index for the 22	  
illuminated samples fell below 50, the lowest mean being 25.48, resulting 23	  
from an irradiance of 254.7 mW/cm2 and a temperature of 7 °C. The least 24	  
change in the yellowness index, based on the P value (data not shown), 25	  
came about when 92.0 mW/cm2 LEDs were used at 7 °C. 26	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Table 6.4. Final yellowness indices of the control and the illuminated samples 1	  
at different combinations of irradiance and temperature. * denotes significant 2	  
difference from the controls after the same time, at a significance level of 3	  
0.05. 4	  
 5	  
6.4. Discussion 6	  
LEDs have found practical applications in fields such as agriculture (GE 7	  
Lighting), animal husbandry (LEDs Magazine, 2014) and medicine (Yano, 8	  
2011). However, the employment of LEDs in the food industry still needs 9	  
significant research. This study attempted to apply LEDs for the preservation 10	  
of fresh-cut fruits to evaluate the feasibility of using LEDs for microbiological 11	  
food safety. 12	  
The surface temperature of pineapple slices increased during LED 13	  
illumination. This increase is expected for the high-intensity LEDs used in this 14	  
study, and has been reported in chapters 2, 3 and 4.  Even so, it could be 15	  
ascertained that the antibacterial effect observed was due to the 16	  
photodynamic action alone, as the non-illuminated control samples that were 17	  
temperature-tuned to account for the increase did not experience any 18	  
antibacterial effect. 19	  







7 16 25 
92.0 Control 77.20 ± 9.401 72.93 ± 0.7798 52.95 ± 4.060 
Illuminated 55.91 ± 6.76* 37.33 ± 5.51* 30.76 ± 8.57* 
147.7 Control 70.26 ± 3.686 75.18 ± 2.170 70.21 ± 2.087 
Illuminated 27.82 ± 6.18* 31.47 ± 5.02* 53.50 ± 0.55* 
254.7 Control 78.41 ± 7.702 75.75 ± 10.45 86.75 ± 7.693 
Illuminated 25.48 ± 17.93* 38.63 ± 6.42* 47.87 ± 3.77* 
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combinations of irradiance and temperature compared to the non-illuminated 1	  
controls. The photodynamic inactivation of Salmonella due to the 460 nm 2	  
LEDs is comprehensible from the ability of blue light to trigger cytotoxic 3	  
effects. The particulars of this mechanism have been detailed in section 2.4. 4	  
Temperature influenced the antibacterial effect of 460 nm LED on 5	  
Salmonella spp. on the surface of cut fruits, with the lower temperatures of 7 6	  
and 16 °C witnessing inactivation, while 25°C witnessing growth inhibition. 7	  
This duality might be down to the increase in the metabolic rate of bacterial 8	  
cells with temperature (Price and Sowers, 2004), which enhances their ability 9	  
to grow and to repair damage. Thus, the controls that remained static at lower 10	  
temperatures could grow at 25 °C and the illuminated samples that were 11	  
inactivated at these low temperatures could repair their damage and survive. 12	  
Other researchers have also reported the photodynamic inactivation of 13	  
Salmonella using LEDs. Murdoch et al (2012) demonstrated the efficacy of 14	  
405 nm LEDs in causing 3-4 log CFU/ml reductions in S. Enteritidis on TSA 15	  
after supplying a dosage of 300 J/cm2. The results of Chapter 2 also 16	  
contended that S. Typhimurium became more sensitive to 461 nm LED when 17	  
the bacterial culture was illuminated at chilling temperatures compared to 18	  
room temperature.  19	  
The acidic condition of the pineapple surface might be another factor 20	  
affecting the antibacterial effect of LED. The results from Chapter 3 indicate 21	  
that the pH of the suspension medium played an important role in the 22	  
antibacterial effect of 461 nm LED, exhibiting that the acidic conditions 23	  
significantly enhance its antibacterial effect on S. Typhimurium. Chapter 4, 24	  
investigated the effect of citric acid, the predominant acid in pineapples 25	  
(Hawkins Watts, 2015), on the inactivation of S. Typhimurium with 461 nm 26	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LEDs. As described in that chapter (section 4.3) at 15 °C, citric acid (pH 4.5) 1	  
enhanced the bactericidal effect by inducing 4 log CFU/ml reductions on the 2	  
administration of a dosage of almost 600 J/cm2. These studies might help to 3	  
understand the fate of Salmonella on the pineapple slices upon illumination at 4	  
sub-normal temperatures. 5	  
The reciprocity law of photobiology advances dosage as the most 6	  
important factor determining the consequence of a photobiological 7	  
experiment, even if the irradiance or the illumination time are individually 8	  
altered (Karu et al, 1994). However, deviations from this law are common, as 9	  
photobiological processes tend to be complex in nature (Dzidic et al, 1986; 10	  
Forbes et al, 1981; Rosado-Schlosser et al, 1998). Hence, one of our 11	  
objectives was to verify the validity of this law in the context of the present 12	  
study. The fact that the D values at a temperature did not change significantly 13	  
with the irradiance substantiated this law. Adherence to this law confers 14	  
flexibility to the application of the LED preservation technique, as limitations 15	  
on the irradiance can be compensated by adjusting the illumination time, and 16	  
vice versa. 17	  
Mathematical modeling attaches a numerical significance to the 18	  
phenomenon of bacterial death. By doing so, it also facilitates comparison 19	  
and statistical analysis of bacterial inactivation under different conditions. The 20	  
two-parameter Weibull model proved the most apt model for describing the 21	  
kinetics of the antibacterial effect seen in this study. A characteristic of the 22	  
Weibull model is its ability to account for the presence of an initial lag phase 23	  
or saturation towards the end of a growth curve, but not both. Hence, it is 24	  
expected to fit well in curves that have either of these characteristics. On 25	  
closer observation, it can be discerned that a lag phase in the curve of the 26	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‘antibacterial effect’ results from the lag phase before inactivation of the 1	  
illuminated samples at 7 and 16 °C, or growth of the control samples at 25°C. 2	  
Both these phenomena render the resultant growth curve biphasic. Thus, the 3	  
success of the relatively simple Weibull model can be attributed to its 4	  
compatibility with the biphasic nature of the antibacterial effect. In the present 5	  
study, it could be discerned that the D values often fell beyond the 6	  
administered dosage and were thus a projection. Given the complex 7	  
dynamics of bacterial death, it is best to use these projected values as a tool 8	  
for comparing the antibacterial effect under different conditions, rather than as 9	  
accurate predictions of the antibacterial effect. 10	  
A successful intervention technology is one that not only destroys the 11	  
pathogens in foods but also retains other quality parameters of the foods. 12	  
One parameter which is important for particularly light-based intervention 13	  
technologies is colour. The colour change noticed on the surface of the 14	  
pineapples due to the LEDs was probably due to the absorption of light by the 15	  
colour pigment in the pineapple - β-carotene (Yahia and Ornelas-Paz, 2010), 16	  
which has absorption peaks at 450 and 478 nm (Zscheile et al, 1942). Thus, 17	  
illumination to 460 nm LEDs could have photodegraded β-carotene to β-18	  
carotene radicals or free radical adducts (Boon et al, 2010). The susceptibility 19	  
of fresh-cut pineapples to colour change during the use of different 20	  
preservation techniques has been also reported elsewhere. Significant colour 21	  
changes were recorded within 24 h in the controls and the treated samples 22	  
when Zhang et al (2013) attempted to preserve fresh-cut pineapples using a 23	  
modified atmosphere. Montero-Calderon et al (2008), in their efforts to extend 24	  
the shelf life of fresh-cut pineapples using modified atmosphere packaging, 25	  
observed significant changes in the ‘L’ and ‘b’ colour parameters. 26	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Discolouration was also observed by Gonzalez-Aguilar et al (2004) upon 1	  
storage of fresh-cut pineapples at 10°C. However, it could also be seen in the 2	  
current study that with the right selection of irradiance and temperature, the 3	  
colour change in the pineapple slices could be minimized. 4	  
 5	  
6.5. Conclusion 6	  
460 nm LEDs had an antibacterial effect on Salmonella spp. on fresh-cut 7	  
pineapple slices. At sub-normal temperatures of 7 and 16 °C, this effect was 8	  
bactericidal while at 25°C, it was growth-inhibitory. The magnitude of 9	  
antibacterial effect was the same, regardless of the temperature. Irradiance 10	  
did not influence the antibacterial effect, thus upholding the reciprocity law of 11	  
photobiology. Although illumination caused discolouration of the slices, 12	  
making them less yellow, this study proves the potential of blue LEDs to act 13	  
as a preservation technology for fresh-cut pineapples. This technology can 14	  
find applications in food service establishments where fresh-cut fruits are 15	  
placed in shelves for display and are prone to contamination. It can also be 16	  
used in refrigerators where fresh-cut fruit is often stored for days together. 17	  
Future work should be directed towards enhancing the antibacterial effect of 18	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CHAPTER 7. INFERENCES, APPLICATIONS AND RECOMMENDATIONS 1	  
 2	  
This thesis can be broadly divided into two parts. In the first part, the 3	  
factors influencing the antibacterial effect of LEDs were elucidated. In the 4	  
second part, the application of LEDs for the decontamination of foods was 5	  
demonstrated. 6	  
The study began with the investigation of the roles of wavelength, 7	  
temperature, pH and organic acids on the photodynamic inactivation of 8	  
foodborne pathogens in tryptone soya broth by LEDs. Blue LEDs were 9	  
observed to be the most bactericidal, green less so, while the red LEDs had 10	  
no effect on the bacterial cultures. A lower temperature of 10 or 15 °C was 11	  
seen to produce a bactericidal effect compared to 20 °C which produced only 12	  
a bacteriostatic effect. An acidic pH of 4.5 enhanced the susceptibility of E. 13	  
coli O157:H7, S. Typhimurium and specially L. monocytogenes to blue LEDs. 14	  
In contrast, E. coli O157:H7 and S. Typhimurium were sensitised more than 15	  
L. monocytogenes under alkaline conditions of pH 9.5. The acid responsible 16	  
for the pH also wielded an influence on the outcome of the photodynamic 17	  
inactivation. Lactic acid was significantly more potent in supporting the action 18	  
of the LEDs as compared to citric and malic acids, which were the least 19	  
potent. 20	  
Furthermore, this study demonstrated the antibacterial action of the blue 21	  
LEDs on food matrices, namely orange juice and fresh-cut pineapple. The 22	  
reciprocity law was also put to test in both these applications. Reciprocity was 23	  
followed in the case of fresh-cut pineapple but not in the case of orange juice. 24	  
Regardless of the temperature, a clear bactericidal effect on Salmonella spp. 25	  
could be discerned when orange juice was illuminated with 460 nm LEDs. On 26	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fresh-cut pineapple though, the fate of Salmonella under illumination was 1	  
temperature dependent, with a slight bactericidal effect witnessed at 7 and 16 2	  
°C and growth inhibition observed at 25 °C. Analysis of the inactivation 3	  
kinetics revealed the antibacterial effect of 460 nm LEDs to be represented by 4	  
the Weibull equation. Colour losses were also observed in the both the foods. 5	  
The results of this study hold promise for the food industry in more ways 6	  
than one. The most obvious application of the LED technology, which has 7	  
already been touched upon, is the preservation of fresh-cut fruits in display 8	  
inside shelves of food service establishments. The same effect can also be 9	  
achieved in supermarkets and domestic refrigerators, where fresh-cut fruits 10	  
are often held or stored for a prolonged time. Juice dispensing machines, 11	  
another inherent part of food service establishments, can also avail of this 12	  
technology to eliminate possible pathogenic contamination of the juice. The 13	  
successful combined action of LEDs and lactic acid can be put to use to 14	  
prolong the shelf life of meat, which is often coated with lactic acid. Given its 15	  
superficial nature, the LED technology is a great prospect for the 16	  
decontamination of food-contact surfaces and can be used to mitigate the 17	  
problems of microbial fouling and biofilm formation. 18	  
Going forward, research efforts need to focus on resolving the 19	  
mechanism of the combined action of LEDs and other sublethal stresses such 20	  
as temperature, pH and organic acids. The effect of the LEDs should be 21	  
studied on a wider set of pathogens so that conclusions and generalizations 22	  
can be associated with greater certainty. Experiments dedicated to the 23	  
kinetics of the process should be performed with a greater number of data 24	  
points to consolidate their knowledge. Application of the LED technology to 25	  
the decontamination of food matrices ought to be continued with an endavour 26	  
	   	  127	  
to determining the optimal combination of parameters that will, in addition to 1	  
decontamination, retain other quality attributes of the food. For this purpose, 2	  
studies to understand the effect of LEDs on organoleptic and nutritional 3	  
parameters of the foods should also be conducted concurrently. Experiments 4	  
should be performed on other food matrices such as chicken, meat and fish. 5	  
Special attention should also be given to develop the LED technology as an 6	  
intervention against biofilms, which continue to pose a problem to the food 7	  
industry. 8	  
As far as the practical aspects of implementing the LED technology are 9	  
concerned, the efficacy of 460 nm LEDs should be compared to that of 405 10	  
nm LEDs, so that the energy and cost required to bring about the same 11	  
bacterial reductions by both the wavelengths can be compared. Cost analysis 12	  
should also be performed for scaling up this technology to a refrigerator shelf 13	  
or a display-case. Scaling up the technology will also invite some engineering 14	  
challenges, such as the design of the shelf and the arrangement of the LEDs 15	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